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Abstractd

Biomass(is[oneoffheain[haturallesourcesinfweden.[Thelpresentlow-CO2[@mission[¢haracteristics[ofthel]
Swedishelectricityproduction[system{hydroCandChuclear)canCberetained ConlyChyCexpansionCofChiofuel
applicationsdforenergypurposes.[DomesticCBwedish[biomasstesourcesCare[vastCAndfenewable,butChot[]
infinite.[TheynustbeMtilized@Asefficientlyas[possible,hlorderfoinakeSurefhatliheylineetfhel¢conditionsfor]
sustainabilitylinfhefuture.[Applicationloflefficientipowerlgenerationdycles[atlbwldostslik[éssentialformeeting
thisCchallenge.[This[@pplies@lsodonunicipall$olidiivastelincinerationWith[énergylextraction,Which$houldbel]
preferrediblitsldumpinglihandfills.O
Hybrid[dual-fuelCltombinedCtycle[LinitsCarelalsimplefandCaffordable[Wwayolincreasethel&lectriclefficiency[ofl]
biofuellénergyltilization,[Without[biglinvestments, luncertaintiesLordoss[ofteliabilityCarisingdromtomplicated]
technologies.[ConfigurationsloflSuchpowerldycleslareNeryflexible[@ndfeliable.Theirpotential forhighlelectric]
efficiencylinCtondensingCmode, ChighRotalCefficiencylinfeombinedheatand[powerlimodelandCunrivalledload(]
flexibilitylis[@xplored(ih(this[project.[D
O
ThelpresentteportfsCalliteratureStudythat[toncentratesCbnTertainCbiomassCutilizationkechnologies,On[
particularfheldesign@andperformanceofybrid[dombineddyclepowerinits[défariousidonfigurations,ith[fas(]
turbines@ndlinternallcombustionfénginesl@soppingLtycles.[Anlbverviewlbf[(publishedliterature[andgenerall]
developmentrendsion(ihe felevantopiclis(presented.Thelstudyls[éxtendeddoléncompasslalshortldverviewl]
ofbiomassutilization@s@nlénergySourcel{focusinglonBweden), Mistoryldflcombineddyclesldevelopmentiwith(]
referencelespeciallyltoltombinedtycles[ith(supplementaryfiringCandToal-firedChybridCcombinedCtycles,
repoweringbfbldBteamunitsOntoChybridbnesCandtombinedtyclesForOnternalltombustionfengines. [The[]
hybridlcombinedltycle&onceptdorimunicipal$olidWvastelincineratorslis[probablydheldptionvith[@he[greatestl]
efficiencylimprovementipotential, WithinfhefeasonabledostlandScalelimits.
Furthermore,@$tate-of-ArtleportlisihcludedlihfhelStudylas(alSeparate[chapter.Descriptionsoféxistinghybrid ]
combinedltyclelinstallationsWwith[biofuel-firedbottomingLtyclelin(Bwedenandlitssurroundingtountries[arel]
compiledCinCit.(0TheCpresentation[shows[thatChybridCcombinedtyclesCare Calktandard (technologylinCmany(]
respects.0ThesellspecificClconfigurationsChave[beenOchosenas[the OmostCrewarding ConesCoutCofCvarious
alternatives(andbavelproved(iheirladvantageslinléommercialloperation.[]
O
ThelmajorresearchlprojectFollowingthis[Literature[BtudyWwillfocusConlinvestigationCof[possibleCefficiencyl]
improvementloflbiomasslénergylutilizationCbyCapplication[ofChybridLeonfigurationsWwithChatural[gasired[gasl]
turbinel@ndlihternalldombustionléngineslasioppingéycles.O

O
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O

1.LINTRODUCTIONO
H
N

1.1.MBackground[
O

Biomasshasbeenlused(asfuellSincelfheldawnoflhumankind.Ihthelastfwoldenturiess]
however,[thasbeenlgraduallyfeplacedbyfossilduels,Whichfarelisedlin[éver-rising ]
quantitiesl{althoughlOnlmanyldeveloping[tountriesbiomassis[stillfhemostlimportant[]
localleénergy(desource).dndustrialization,large-scaleléentralized[power[generation[andC]
productionlof(fuels[ioriransportationthavefuleddutthellselbf[(biomass[aslalmajor]
energyliesource.timowld¢ontributes@Very$mallfraction[ofhelprimarylénergymixof(]
thelihdustrialized[nations,[@lthoughstillibeinglimportantiorldevelopingldountries.[]

O
Currently,interestlin[biomass[énergylutilizationlistising[again.[Severallinajorfactors[]
forthisl¢anelmentioned:[decreasingpollutantlémissionsi{especiallyl¢arbonldioxide),]
sustainable[energyltesource[imanagementCandloweringdependencelonCimported
fossil(fuels.[DueltolthelincreasinglLhecessity[for[(LCO,-neutralCpowerCgenerationCand]
sustainabilityof[fuelOsupplies,[increasedCuseUofCbiomassfor[energypurposeslis(]
inevitableliflthe Worldlis[goingfoSwitchfaway[from[{fossilfuels.

l

Becauseloffheirlinherently(smalllsizes, biofuel-firedhbowerleyclesWith[$teamboilers]
andl]steamturbinesJ havellcomparativelyJlow[ electricU efficiency.[JHigh [ specific]
investmentlCtostsCdolhot[allowltaisedsteamparametersCinCsmalllscales,WwhileFuel
availabilitysimitingfhe[possibilitiesforléconomyloflScale.]
Therels[plenty[bfCfroomForCklectricCefficiency[enhancementbftraditionalCbiomassl]
powerlunits,[@ither(byfaisingSteamparametersi@ndlapplyinglinodernisteamfurbines,]
orlby[@lternative[options,[Suchlasléxternallyfired[das[furbinesfbriéxample.]

il
OneleasylWwaytol[utilize[biofuels[Wwith[higherléfficiencies,[While[keepingthelprocess]
simpleCand[teliableCandCusing[bnlystandardequipment,CisCthelincorporationbfCall
biofuel-fired[powerltycle@sbottomingldyclelin@hybrid[éombinedl¢ycle (HCC)With[a[]
toppinghigh-gradefuellfiredheatléngine.[ASmalllamountloffossilfuellinfhedopping]
cycleCtanprovidelChigherCefficiencylbf[biofuelCutilization[in[thebottomingl[tycle.[TTol
reachfulllsustainability(&ndhigher[CO,[émissions[ieduction,fhe{oppingleyclelcanbe]
poweredbybiomass-derivedhigh-gradefuels.[

l

Naturallgas(isihelleastipollutinglof@llfossilfuels, Allowing[power[generationwith[Wery[]
high(efficiencieslinilmodernlgas[iurbines[andlinternall@ombustionléngines.[]
NaturalCgasCand[biofuelCpoweredCHCCLCunitsCareCalkimpleCandCaffordableGvayiol]
increaselthel&lectricLefficiencylof[biofuell&nergylltilization,[Without[biglinvestments, ]
uncertaintiesoribssloflreliability[@risingfromdomplicatedfechnologies.]
Configurationslof(such[powerltycleslareVeryflexible[and[teliable,[and[providehigh
totalleéfficiencylih[CHPmode.[
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O

1.2.MDbjectivesl]

W

l

1.2.1.[Objectivesiofithelhainfesearchlproject]

l
ThelmainOesearchproject,ditledIBiomass[andNaturallGas”,Willfocus[onmodelling,
calculationfand(analysisoffhybrid[dombined(dycleswith(biomass-firedbottomingldycle.[
Thellopping[LtyclelisiredWwith[hatural[gas.[VVariousCarrangements[andheat[&ngines]
willlbel¢considered[and[évaluatedlin[designiinodeland[part-load[dperating[¢onditions.[]
Theleéffectloffoppingléyclefoottomingldyclepoweriatio(naturallgasfoiofueldatio)
onlihel&lectricalléfficiencylofitheWarious[tonfigurations[Willlbelinvestigated,fogether]
withlts[effectlondhelefficiencylofbiofuellltilizationlitself.[Thepurposelis{olprovelthat]
the[kfficiency[bflenergylutilization[bf(the bottomingfuel{biomass[brlwvastes)Owill[]
increaseWhen(held¢yclelis[combinedwith(high-gradefuel{iredhigh-efficiencyiopping
cycle.[ThisCincreaselinlefficiencyCmaylhot[bevery[high,[butCtan[belachievedWwith[]
simpleltechnology,CusingCktandardCequipmentCandshowingCexcellentflexibilityCand
part-loadlperformance.l]

W
TheldifferentCtycle[tonfigurations[WillCbe[bptimizedForChighestlelectricalCefficiency,]
analysedCand[tomparedioleach-otherlintermsLof[performance,[&conomy,{fields[ofl]
applicationCanddifficultiesCinCiconstruction,CoperationCandOmaintenance.[0Themost[]
promisingkyclesCwillCbemodelledCalsolin(ICHPCmodeCfandCbromoted[for[practicalll
installation[@sldogenerationnitsin[(Swedenl[and(dther[@ountries.]

[

il

1.2.2.[ObjectivesofifhelliteratureStudy

W
Thelmainpurposeloflihisiterature$tudylisfol$erve@s[anlintroductionfoihelprojectl]
thatlit[precedes,@longWwith[providingiheheededlinvestigationlof(published[$cientificl]
work[ihat[has[beenperformedbylbtherslonihetelevantiopic.[Thelauthorlsincerelyl]
hopesUthat[theOpresentUreportCwillOhelpOtoCpromoteOtheOgeneralJunderstanding, [
appreciationdJandOknowledgeJonOthedimportancelJ of (D biomassOandbiofuels[Ifor[]
sustainablel&nergyproduction,acingihelénvironmentall¢hallenges(ihat@relinherent]
tolftheléconomiclgrowth[oflourfhumanidivilisation.

N

Among@lldypeslofbiofuellenergyutilizationfechnologies, hybrid[éombineddycles[arel]
presentedasiprobablyihelsimplestlandihelostiechnicallyfandléconomicallyViable[]
optionfiorwidespreadlCapplication.[ThelpresentiteratureStudywilllshowihattHCC’s[
are[basedlonlivell-developed&ndproveniechnology.[Powerllnitstofthisypelarelin]
operation[kincelong[time.[AlllinstalledCunitsChave shown[very[Cgood[performance,]
availability[and(deliability.
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O

1.3.0Definitions

W
Some(pointsishouldirstibeinadelonferminologylissues.[AsWith[manylotherfields[of[]
science,[thelferminologylof(thisCéngineeringfieldlis[$ubject[fol$omeldebate.[Onlthel]
contrary,[technicallierms[denoting[alldetails[bf(the[separate[powerl[tycleslin[thel]
EnglishOanguagelareWellCacceptedandvellCspreadworld-wide.[Consequently,Chol]
misinterpretationsUorCmisunderstandingsUareJpossibleCwhentalkingOaboutOsteamU
cycles,[gasliurbineldyclesorlpurelgaslandiSsteaml@dombined(dycles.Il

However, thislishotiheldasewithfhehybrid(powerldycles.[

O
InCthe[EnglishUiterature,[there[seems[io[kexistCholktandardisedtechnicalltermForJ
addressing[thel[powerltycles,[Which[el[tallChere*hybridCcombinedtycles’[{HCC).O
Instead,[@erminology@sTparallel-powered”,Bunfired”@AndCfully-fired " [aremostlyuised.]
Asllbnglasihesemames(featureldifferentfypesof(HCCland@ddress[dertainproperties]
of(thesellypeslofityclesihatldifferentiatefhemdromleéach-other,fheylareWwidelyllised[]
andwillbeWised@lsolinthiseport.[Theermfcompoundléycle lis[alsolisedforfHCC,
butluisuallyldenotingparallel-powered[HCCL{it(probablyl¢comesfromihe[Germaniiord]
“Verbundkraftwerk’[J4.4]).00T he Cterm[feedwaterCheating[system”, Cimeaning Cexactly (]
parallel-poweredHCC,[Ganlalsobemetliniheliterature.[Alternative hameforfully-fired
HCCIis[Bexhaustlgas(refiring[S8ystem”[0r[fseries@oupled[CC”. [
Thelterm™supplementaryfiring”Ls[alsoBrery[popularCandCusuallyCimeanslCadditionall]
firingloflthelSamefuellihfhe[MRSG,[@slihfheldas[furbinelitself.[Supplementaryfiringlis[]
oftenliisedlin[combined(¢yclesforVariousieasonsandl¢caniransform@lpure{unfired)]
CClihto@firedoriully-firedHCC.O

il
Thelfermhybrid@ycle”has[Slowlylgained[popularity,@slitldepictsihlalgeneralisedwayl]
theldistinctive featureslofboth[parallellpoweredlandfully-fired[dycleslandunifieshem
underfonemame.ts[¢orrespondingiwordih[Swedishls[Phybridcykel”.[As[¢omparediol]
theSupplementary-fired(gycles,fhefermhybrididycles’denotesiSpecificallydual-fuel”]
combinedpowerltycles,[WhichCmeansl[tombined[tycleslinwhich[differentfuelsCare]
usedorlthe@oppingfandbottominglLeycle.[Thislis[bnelbflthe[bigladvantagesloflthel]
HCC[-thel[possibilitytolutilize dow-gradefuels{solid[fuels)lin[the[bottomingLtycle,]
togetherith(high-gradefuels{gaseouslorliquid)[onalhighemperaturelevellinthel
toppingdurbinelorfoppinglengine.[ExactlyfhisCldual-fuel’deaturelgivesuisthelrfightfol]
uselthefermChybrid”.O]

O

[tCmustbelpointedbutthat[theWwordhybrid CtselfCtanCactuallyCbemetlinCvarious]
technicallapplications, [@sl(itlisiVery[generallandldanbe[appliedfoldifferentlissues.[Thell
mostlédommonisageloflthelermhybrid"lih{hefechnicalliteraturelisi¢onnectediothel]
hybriddraction[ofVehicles3-alcombination[ofAnléngine[{orA$malllgasurbine) ivith [
batterieslandlelectrictiotor.Onfheieldof(powerléngineering,Thybrid”lis[Misuallyliised]
to[denoteany[tombination[bf(two[differentCpowerltycles{forCexamplealfueltell(l
combinedwith[@lgas(iurbine),0r@lSingleléngineablefoWtilizedifferentfuels. D

O

Infhisteporttandinihelprojectthatollows, fheflermHCC"[slisedfoladdressldual-
fuellChybridCcombinedCtycles,With[high-gradefueldiredtoppingLtycle[anddow-gradel]
fuellfireddottomingldycle,[asléxplained@bove. Il

O

U
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O

In[orderol¢larifyurtherihe@ermhybrid[€¢ombinedle¢ycle”landlits[positionWithinfhel
“family”[oflcombined[¢ycles,@l¢hartlis[presentedbelowl{suggestedbylthelnitiator[of[]
thisproject,llaszloMHunyadi).[]

l

0

l

O GeneralldonceptldflCombined[Cycles:C
DefinitionOf A Anylihterconnectionbetween[@foppingland@bottoming
Combined(Cyclel] powerigycle,Where[éxhaustlheatfrom(thefopping(dycle

0 islransferredfoltheBottoming@ne[]

0

l

0

l

DiversificationbyL| CClwithoutSupplementaryfiring,[] | CCith[Supplementary(iring!
supplementary(ll the[straightforward”©rfpure”[] infheDottoming@ycle
firing(ID combinedigycle[

l

l

l

l

Il

Diversification [byD]] ThelBame@r8Similar]] Differentfypes(offuelsl
typeoffuelforfhel] typesofiuels formweHC@nd[BC:D
BCO forfthe(TC@AndBC afHybrid[Combined[CTycle”
l

Il

l

Diversificationy[} Fully-fired, 1T Parallel-powered, ]
cyclelarrangement|] Series[@oupled,O Feedwater[preheating, ]
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O

1.4.MMethodology

W
This[Literature[StudylisihelirstsSteplih(startingfheworklonthehainprojectBiomass]
andNatural[Gas”.[It[$erves[as@nlintroduction{oihe[subjectlof(theprojectlandlas[an(]
investigation[of[publishedWork[on(he felevantiopic.[

O
Thelbroad(scopeloflthelprojectthasprovokedihelauthor{ory@ol&éncompasslinthis
reportall@spectsihatlgofogetherwithfthenain[¢oredffhelstudy.[Thislis(of[course @]
veryldemandingjbb, which[¢annotbeldonelihfisHullléxtent. M5 Nirtuallylimpossiblefo[]
collectCandreviewlevery[published(paperfonthelmajor3ubjectlofthis[study.dnthis]
connection,fhelauthorlhas[donehis[bestfopresentihelhistory, (presentlsituation@ndl]
futuredrendslinthedevelopmentLofChybridCtombinedltycleslCinCgeneralCandChybrid]
combinedlCtycles[With[biofuel-fired[bottomingLtycle}[the[main[topiclof[thepresent]
investigationCand[thelprojectCivorkthatfollows.OTogetherOwiththis,Caltonsiderablel]
amountbflinformation[andstatistical[datalbnlthelbroaderlissues[bfCbiomassCand]
wastes[utilization[andhandlinglis[provided. I

il

Thellliterature[StudyReportlisdrganisedlin[Seven[chapters:[]

Il

Chapter2[@Biomass@ndMSW [@s[Fuels’[presents@anoutlineldfbiofuel@vailability[and [
importanceloflits[iiselas[an[eénergylsource,fogetheriwithts[majorl¢haracteristics(and[]
utilizationmethods.[Thelaccentls[putlonSweden.

il

Chapters(3,[4,B@AndBarefheldoreloffhelliterature[Study. [
Chapter[B[THistory[and[DevelopmentloffHybridCCombinedCycles[{HCC).[LHCC[With[
Coal-FiredBottoming[ICycle"CisCanCoverviewofCthe OhistoryJandCdevelopmentOof ]
supplementaryfired[CCandHCCwith[¢oal-fired[BC.[]

[

Chapter[4Hybrid[Combined[Cyclesiwith(Biomass&ndIMSWas[Bottoming[Fuel lis[@&[]
presentationloffesearch@ndpublicationsonbiofuel-powered[HCC.

il
Chapterb[ISpeciallAttentiondolInternal(lCombustion[Engine[Combined[Cycles”lis[an[]
overview(of[pureldombined(gdycleslandhybridldycleswithICE[@STC.O

O
Chapter®OState-of-ArtlofBiomass[HCClih[Sweden@ndisheighbouringl¢ountries” s
aldescription[of (HCCLunits[With[biomass—fired[(BClin[operationfin(Sweden,Finland,]
Denmark[and[Someladther[dountries.]

H

Chapter[7 [presents[some[toncludingltemarkslConlthis[Literature[5tudylCand[onlthel]
research(projectihatiollows.

0

ThelOsubsequentOmainCprojectOwillCOdeal Owith[CthoroughCmodelling, OcalculationCand
thermodynamiclanalysis(ofinaturallgasiandbiofuellpoweredHCC,[@s[eéxplained(@bove.l]
Various[tyclel[tonfigurations[of[alllbasicltypes[Willlbe[modelled[andheat-balance-
calculatedwiththehelplofaldomputerprogram@ProSim”.[Each[dycle[donfigurationiwill[]
beoptimisedforlhighestOelectricalCefficiencylinOcondensingCdmode, dinCorderCifor(]
comparisonto[beperformed.[Highest[total efficiencyin[ICHP UmodeOwillCalsoUbe [
investigated.[ComparisonCof(the[differentCtycle[configurations[Willfollow, takinglintol]
accountiheirlthermodynamiclperformance@nddomplexity.[]
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O

Theléffectlofldifferentfoppingldyclelfobottomingldyclelpowerfatioslon(theléfficiencylafl]
biomasslandioppingfuellutilization{efficiencies[attributablefo[ithel$pecificliuel),For[]
everyldifferentlcyclelconfiguration,OwillCJbeCexamined.[JComprehensivedpart-load[]
characteristicsliorieverylgycleldonfigurationwill[alsobe[afbopicloflihvestigation.[]
Finally,[@n@ttemptiwillbe Mhadeforléconomicldalculationslofl@alchosenpromisingldyclel]
configurationih[CHP inode [{forpracticallinstallationlin[@Swedishmunicipality.[ThisWwill ]
require[altaselstudydolbelperformed@ndihetesultsiwilllbeWery[dependentlonihel
amountlofléxactinformation(available.[]

PowerluinitiSizes,whichlwilllbe[¢onsideredihihelSimulations[afterthisiteratureStudy, ]
arellinCgeneralless[thanJ100CMW CtotalCusefulCenergyCoutput.[(Moredintroductory [
informationlon(thedypeslofldycles[andiuelsihatlareltinderl¢onsideration[is[presented]
throughoutlthismeport.[]
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2.IBIOMASSIANDMUNICIPALISOLIDIWASTEUMSW)[ASFUELSO

A.MWtilizationdfBiomass@ndMSWMvorld-widel@ndin[Sweden

OoonNOd

2.1.1.mportancelofBiofuels@siSourcesoflénergyd

l
ThelinereléxistencelofllLifelonEarthis[SupporteddySolarlénergy.Thelnostlimportant]
processlinChature,(the[photosynthesis,taptures[thelenergylbf(sun’s[tadiationCand]
synthesiseslorganiclsubstancesloutloflihorganiclones.Theselorganic[substances[are[]
theOenergysourceforOallOotherOlifedformsUinOthe JfoodCchain. dinOotherCOwords, O
photosynthesis, [orfhe@bility[of(plantsfodix[@tmosphericléarbon, [is[fheMmostléssential ]
processlthatprovidesiourfoodandmostloflourlénergy.[Sincelihelimesiwhenlifelhas]
started@olexistCon[Earth,[photosynthesis[has[treatedandtontinuesioltreatehugeld
storageloffhydrocarbons,Whichiwe[Seelfodaylas[growingplantsioriossilfuelldeposits.[]
W

ThelJenergylinvestedbylnaturellinOthe OproductionCofCphotosyntheticOproductstis[d
enormous.Ihcidentonfhefoploffhel@atmospherelis@aldontinuousiradiantipowerloflover
10" V. [Greenplantsiéollecti@ndmtilize[@round 0.02%fFhis, producing@fotal @nnual
energyl$torage[bf(10% [1]2.29].[Plants’[photosynthesis[alsoservesasthe [principal ]
generatorlof(atmosphericloxygen,Leritical[folfhetespiration[of(animals@ndIplants,[as[]
well@sor@lllimportantidombustioneactionsiwhichlhhumansiseforldonvertinglénergyl]
to[Sustain(theirlife.[Priorohumanlhdustrialization, fotallénergy[StoredlihBiomasshas[]
beenlvelllin[éxcess[bffhumanlheeds.[Currently,hisfsLonly[@ittlenorethanthreel
times[theliotalChumanChon-foodenergyltonsumptionCincludingCalllenergyforms -]
fossil,muclear,[geothermal, [gravitationalland(direct[Solar(]2.29].00
Viewsl(differlabouthowmuchloffheliotallworldénergyheeds(areprovidedbybiomass,]
probablyldependinglonléstimationlmethods,ormsloflénergylincludedliniheAanalysis[]
andlof[tourselbnlthelinformationCavailable.[AccordingtolJenkins[et[&al.[J2.29]Cand]
GustavssonCet[al.[J2.22][{wholteferto[the [UN[statistics),[biomassChowl[tontributes]
around[6%[bfglobalChon-foodprimaryenergytonsumption,muchofthis[through
primitive dlowefficientCandCpollutingCcombustionCinCpoorlyCicontrolledOheatingDand
cooking(fires,[Which[supportthe[majorsharelbf(theWorlds[population.CAccordingliol]
other[estimates,[TitedCby[BainCet[al.[J2.3]Cand0GustavssonCet[al.[]2.22],[biomass[]
provides[14%-15%[oflWorld’s[énergylheeds({thel$harelin[developing[¢ountriesbeing]
muchlarger),Whichlfanks(itfourth@s@alprimarylénergylesource. Il

il
Biomasslis(stilllafraditional@ndsometimes(thelonlyocally@vailablesourceloflénergy[]
forOmanyUregionsOinOtheOworld.JUnderOfavourableOcircumstances, ObiofuelsOcanU
contribute(Significantlyfofhelénergymixihlihdustrializedldountries@siwell. [However, [if (]
biomasslisiolplaylalajorolelinthelworld’s[énergy[mix[intheongererm,dropsiwill]
needtol0beOgrownOspecificallyCforCenergy.[0StudiesCperformedObyCalinumberOofd]
investigators(fbriéxample,havelsuggested(ihatiwithin[10years(iheWnited[$tatesdould]
producelJargellquantitiesCofClenergylcropsC(morethan1140000TWhenergy[value), ]
potentiallylecompetitive (With[¢oallin[manydocations.nitiallinstallations[Willlheedfobe[]
profitableCnCorderforLthe[toncept[bfCtdedicatedenergy[feedstocksupplies[tolgainl]
broaderfacceptance.[2.3]0

Infalllihdustrialized[@¢ountries, [fhelastfwoldecadeshaveshownl[aldramaticliipswingihl]
bioenergyluse.[Alllkinds[bf[biofuelsChavelteceivedlincreasinglattention.[ThisCgrowth(]
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hasbeen(stimulatedyfavourablefax(policies[andiegulatorylactionsbothforutilities]
andlihdustries. [

W
Alverysmallisharelof(theWorlds'[&lectricallénergy[tomesdrombiofuels.[Thedigures]
differCforthe [differentCcountries.JOnCaverage CforCthe CEuropeanUnion, (2% CofCall(dl
electricity[production(dan(beléstimatedfobebasedlonbiofuelsi{biomass(residuesand]
MSW).Oh[Finlandhowever,[13%l[of(all[@lectricitylis[basedonbiofuels.(2.53]0

Il

ItOsOivelllknown(ihatfhe biggestfadvantage lofluisingbiofuelsfAs[sourcesof(énergylis]
theirflCO,heutrality.[Thelcarbonlstoredlintbiofuelslintheformloflcarbohydratesthas]
beendreshlyfwithdrawndrom[the[atmospherelduringtheformationCof[theselbrganicl]
substances.[Theirldombustionfeleases(thel¢arbonbackiofhe@atmospherelihfheform
of ICO,[again,butCdoesCnot[contributeto[dtsCaccumulationCbecausellitChasCbeen
capturedlihfhelplantissuesafishortiime’beforefhatlandls[partoflthematuralldarbon]
circulation[routes. [l
Thelsituationwithossil(fuelssWeryldifferent.[Theylarelalsolorganic[$Substances, but[]
areproducedliillions[of(years[dgolandiheltarbonstoragelinihedormofHossilFueld
depositsthas[contributed@ofhepresentl@tmospherelélementallstructureandpresent]
climatelon[Earth.[Thel¢continuing@rendlofflinrestrictedisage[offossilfuels[$lowlybut]
steadilyreleases[ICO,[lto[the[Jatmosphere,whichCaccumulatesthereCbecausellts[]
amountlisbiggerfhanihe@mountlofldarbonlinfhemormalldarbonldirculationlinhature.]
Partlof(thel&xcess[CO,lis[absorbedbyihelWorldlbceans[{waterlabsorbs[CO,uch]
better(thanCbtherCcommonCgases),butlstillltheCamountbfCO,[intheCatmospherel
increases.[This[adds[tol[the[hotoriousLgreenhouseeffectCandlin[generalbringsCour]
environmentCoutCofClitsOestablishedOequilibrium, CwhichOmayOleadCtoCunpredictable [
consequencesl(ibritheWholelplanet.[]

[
Another(significantfadvantagelof(biofuels[¢anbeltheirdocalproduction.Thisthelpsiol]
generateltevenues[ocallyfand[decreases[theltountry’sor[tegionalllependencelonl]
importedfuels.nihel¢aselofIMSW[andlotherlorganiciivastes, fheirlutilizationasfuels
saves(ihelenvironmentfromldangerousléffluentsfandleéasesihelever-growinglproblem
oflwasteldisposal.[l

O
Well-controlledlincinerationlis[the[preferredmethoddorChandlingLMSW,[€omparediol]
landfilling(forCexample.t[feduceslthespaceyolumelheeded[for[Waste[tisposallin[]
landfillstbylanlorderloflinagnitude.[Ashes(leftlaftericombustionandTesiduesfromflue]
gaslireatment[accountfor[20-25%[ofIMSW Weightlor, [duedohigherldensities,[About[]
10%0ofOMSW Ovolume.0SometimesUOwastesUareincinerated CwithoutOanyOenergy
extraction.[Wide-spread[electricity[generationlin[¢onventional IMSW!Iincinerators[{with [
typically20%!(electriclefficiency)Wwould[¢over@bout3%[offotallelectricity[consumption]
inOindustrializedCOcountries.OHighCperformancelsystemsforCbetterCIMSW Cenergy ]
utilization,[Suchlas[HCC,could[bringthis[sharefo[morethan[5%[of[totalC&lectricity ]
demand(#.10].0

[

MSW isthototally(CO,-neutral.[Althoughmostloflit[hasbiologicallorigin, [Someloflits]
constituents[Wwith[thel[highestCenergy[Value,[thel[plastics,Coriginate[fromfossilfuels.[
PlasticsLtonstitute[allveryCsmall®owtlin[thetotallunsortedCMSW[imass,[but[alquite]
substantiallpercentageloflits(LHV.MeasuredlonlénergyNalue,[MSWI[dombustion[eémits[]
around[(B[grams[fossil[ICarbonperCMJ[thermalCenergy.[Still, (these[emissionsCare]
approximatelyfwolfimesl(ess(ihatfhosefromaturallgasR.21].0]
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ItmustbelpointedloutlthatlutilizationCoflalllbiofuels[lisuallylinvolves[consumption[ofl]
somelffossilCfuelsforCharvesting/collecting, ChandlingCandCtransport, Cso(thatOCO,-
neutralitylis[generally[below[100%.[AltarefullylmadelLife[Cycle[Analysis,fakinglintol]
account[@llFossillfuelsliisedlinfoneformlor[anotheroAidihe[&nergyléxtractiondrom[]
biofuels,helpsblévaluatel@andSshowlthelreal[CO,[@missions.[]
Morelon(Life[Cycle[Analysisfandsomeltesultsfor[Swedishldonditionslare[presentedin]
thelastSubsection2.4.2[ Life[Cycle[Analysis”[df[Section2.4.I

O

O

2.1.2.0IBiomasstilizationin[Sweden

O
Biomassthaslalways[beenlonelof(thelain(haturallfesourceslin(5weden.[Thelfole[ofl]
biofuelslin(the[Bwedish[primaryle&nergylmix[isCtonstantlylincreasing.[Between[19700]
and[1998, [fheir(sharelin[theliotallénergylconsumptionlincreasedfrom@{o[15percent.[]
In[Absolute Walues(ihis[ineans(ihatthellise [bf(biofuelsforlénergypurposesihasiiorel]
thanldoubledduring(thisiperiod.[2.25]0
UtilizationCofCbiofuelsCinCvariousCapplicationsChasbeencontinuously OpromotedCin[]
Sweden[bylbothlecologicalland[jovernmentalCorganisations.[Considerableprogress]
has[beenliadelin[developinglinfrastructure,tesearchlon@echnologies[@ndplanning.[]
Modernsmall-scale[heatinglunits[forsingle(familyChouseslas[Welllas[medium-scalel]
districttheating[or[CHP [plantsCandlindustrial (CHP[plants[have[beenlbperating[sincell
manyyears.[]

[
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0 ! ! ! ! ! ‘
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Cmunicipal$olidivvaste
Opeat

m blackiquorf@nd[pitch
mwood@ndby-products

0
Fig.[2.1:[TotalluseloflbiofuelslinCSweden,OnTWh,[excludingCthoppedWwoodfor[iraditional ]
heatinglofl[detachedouseslinfheldountryside.{datafromR.51]@And[R.53])]

O

W
Thelincreaselin[totalCuselof[biofuelslin(Swedenlin[thelastliwoldecadeslhas[beenl]
remarkable[{seelFig.[R.1).0tChas[beenfostered[byltheCenergyl[andenvironmentall]
policies[appliedloverihepast25years.[In[énergyValues,thelfigurefior[1998[feached]
326[PJ[(90.6[TWh)Y[[2.25] {otherHeferences(State[@2TWhFor[1998[2.51]),For1999E0
94[TWh(]R2.53],[2.51]@AndHor2000HE¢losefo@7[TWhIR.53].[Thisldorresponds[io[16%/[]

YIEnergymnits:1TWhEB600TIEE.6[PJ;M PIE00. 0T
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of (allCprimaryCenergyLtonsumptionin[Swedenlin[year[2000]2.53].ncludedlinthel]
numbers[islalsoltheltraditionalCuselbf[fuellWwood[for[heating[privateChouseslinlthe[]
Swedishl@ountryside,@bout12[fo[A5[TWhiperiyearR.53],02.51],02.22].[Thetilization[]
ofwood[fuelslhas[grownfasterihanlihatlofldtheriypesiofbiofuels.[R.25] I

O
TheUargestluserslof(biomasstastalfawlmateriallinCSwedenlarelthehugelandlell-
establishedHorestlindustriesF[pulp[&paper[anddimberlindustries.CAccordingly,thed
largestlamounts[ofbiofuelsutilizedforlénergypurposesicomelasiesiduesfromihesel]
industrial(processeslorromihedogginglandhandlinglbperations{seelFig.[2.2).[Thel
forestlihdustries(arefhemselves(ihellargestlusersiofbiofuel-basedfieatlandelectricity. [T
O
DifferentlfypeslofibiofuelsfareisedlinheBwedishlénergysystem,includingldigesterl]
liquorsfrom{pulpmills,woodresiduesSuchlaslibggingresidues,Sawdust@ndbark.
Otherlimportant[biofuels,CalthoughlinCmuchEmallerCamounts, [ tomelaslCagricultural]
residues,Straw, Wastes[ofbiologicallorigin,[énergyldrops{willow@ndgrass)andpeat.[]
Peatllhas(@alsolbeenltonsideredlaslalbiofuellandls[éxemptdromihe[CO,[dax,butlis]
leviedwithfhel[Sulphurfiax.

0
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Biofuels[arel[particularlyflsedWithin(dorestlindustry[andfor[districtCheating,[(butltheirl]
application{orl&lectricity[generationlin[CHP [inits[is[also[Steadilylgrowing.[As[of[year]
2000,36[MWhQwereusedwithinthelihdustry,25[TWhor(districttheating{including2.6[]
TWhiof[peat)@and4.5[TWh[forlelectricity[production{1[TWhImorehanih[1999).[Out[of[]
theiofuelsforlélectricityproduction,1.6[TWhQwerellisedlinutility(CHP[plantsfand[2.90]
TWhihlihdustrialldogeneration.[2.53]10

O

IN[1999, [dbout[70%of@All[districttheatlih[(Swedenliwasbasedlonbiofuels,[comparediol]
5%0n[1980[R.51].[n{dheldistrictlheating$ector, fheluiseofbiofuelshaseengrowing
by@pproximately3%lannuallylduringihelpastByearsR.25].[SeelFig.[2.3[And[2.4.0

0
TWh
30- mothers
251 m biofuelsorelectricity
within{tility [CHP
20-
O peat
15-
O blackiquors@ndpitch
10+ from[ihdustry
wood
5. =
0 . . . . : : oMSW
1980 1985 1990 1995 1997 1999 2000
0

Fig.[2.4:[Riselihbiofuell@applicationihtheldistricttheating[Sectorih[Sweden,ih[(TWh. ]
(datafrom(]R.53]))d
[

W
PartloflthelWood[fuelldriginatesfrom(recyclediwoodenlmaterials.Theirldisadvantagelis[]
thatlfheylmay[d¢ontainharmfull@ontaminantsfromformerprocessing,forléxamplefrom[]
gluing,[paintingCandlimpregnation,CasellCas[piecesofmetal. (CombustionCoflsuch]
materials(produceslpollutantstbothlinfheflue[gases[@ndlinthelash.[Thisneansthat[]
flueChaslCcleaningCequipmentCmust[beladdedtolthe[boilerCandtheCashltannot[bel]
returnedfomature Dutustbedumpedinh@dandfill.(]

il
ThelelectricityllgenerationCcapacity[lfrombiomass[has[increasedJas[Jalresult[Jof(]
governmentallinvestmentsupportdorflCHP[plants.n[alfive-year[period$tartingdrom]
1991, 45(differentprojects(ibtallinglan(ihstalledelectricalldapacity[06f[(326 MW Heceived]
governmentalsupport. JAaterOversion[of(XhisCsupportCischemeCendinglin[(2000LsT
expectedoltesultlin(urther(164MW [ofCélectricity[generation[capacityin[10[different]
projects.[TheselinvestmentslarelalllinChewboiler(tapacities[€onnectedfolmunicipall]
districtCheatingCnetworks.OThellinvestmentUOsupportOinvolvedCtheCobligation(OtoCuse
biomasslih(thehewplantsibrByears, @tadate [ofup o B5% dfibtalfuelihput.R.25]0
Infaliypicallyear,[90%[0f(theharvestedbiomassfromforestsiin[Swedenwillbelisedih[]
thedorestproductslindustryl@and[10%willbeused@sifueliwood.(Ofthe@0%,[@bouthalf]
isfusedlasiimberWoodlandChalffas[pulpwood.[Around[40%[of(thelimberCandpulp]
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woodleéndluplasitesiduesand@rellisedforlénergypurposes.[Thislmeans[ihatlaboutl]
45%of(thelharvestedforestslinfSwedenl&areleventuallyfusedforlenergypurposes.[]
[2.25]0

Il

Alcommercialliarketforiwoodfuelsthaslévolvedlduringfhe astldecadelinthedistrict[]
heating[kystem[that[tomprisesCapproximately[11000wood[fuel-fired[plants.[TThelten[]
largestlivoodduellconsumersCaccountor[45%/[oflthisCimarket.[Therelis[also[aSmalll]
commercialdmarketforCwoodUfuelsUinCtheOforestOproductsUindustryDand Damong[
households, fheattermainlylinfheformofiwoodpellets. D
AccordingCtoOthe0SwedishUBiofuelJAssociation,Jthereare 157 ObiofuelDproduction
companieslonihelinarket.[The[100argestiwoodfuelproducersZccountforiorefhan]
58%/(oflthelmarket.[Ineallferms,fhemarkethas(increasedmorelthanleight-foldih13[]
years.[Nevertheless,therelisistillOsubstantial(Opotential (forCincreasingCthe Ouse Cof
biomasslnhl(districttheating.[[2.25]0

O

il

2.1.3.IBiomass@andMSWesourcebaselinSweden

il
Morefhan[%0%,[or23nillionhalof(Bweden’sfotalland@realis[productiveforestland.]
Thelannuallincrementlisfabout[100millionLeubiclimetersiotal (Stem¥olumelincludingd
bark,CoutCofCWhichCabout[70CmillionCtubicCmetersCareharvestedCeveryyear[bylthel]
timber(andpulplandpaperlindustries[]2.25],02.51].[Thel$ustainable&nnualltesource]
baseldflwooduelsdromihe[Bwedishorestslhas[beenléstimatedlin[Variousi$tudies.[]
Whenlihcorporatinglintolthel¢alculationl¢ertain[festrictions[offechnical,[@cologicalland
economicalature,Wwoodfuelsiwith[@nleénergyalueloftheldorder6f(130PJ[{36.1[TWh)[
are[believed(ibbelavailableforihelénergylharketihhehextienyears(atlpricesbelow]
presentlevels.[[2.25],(R.21]0]
Therelare[about[20argesuppliersCbfivoodfuelsCin(ISweden.[Most[bf( them[arel]
associatedwith[large forestd companies] or[J forest[] product] companies.[]1 Some[]
municipalitiesCandpowerUcompaniesareJalsoCownersCofdarge OwoodUfuelOsupplyd
companies.l

InCaddition, OsubstantialCamountUofCbiofuelsUisCregularlydimported CcommerciallyCto
Sweden.Omportedbiofuel[{in[ihedormLof(Wwoodtesidues)lislatlpresent[theaperihan]
domesticallylproducedbiofuels.N1997,limports[accountedfolaround30-40%[ofihe]
total[biofuelltonsumption[of(ihe[Bwedishldistricttheating[plants,[tominglmainlyFrom[]
Germany,fheBaltic[$States[@andNorth[America.[2.25],[2.18],[]2.53]0

O

Thelihdustrialllise[oflwooduelslshighlyldependentlon(the [pricesloflcompetingfossil]
fuelsf@ndlis[alsolaffectedbypolicylinstruments.Fuelslaredfraded[onfhelinternationall]
market,whilelénergylpolicieshaveSofarbeenimainlyhational.[The[@xpected[@ommonl]
energylpolicylofltheEuropeanWnionlis(ikelyfoaffectbiofuelrade.R.25]0

U
Productivelfarmlandlin[3wedenl¢overs3milliontha,[drAboutT%[ofthe [dountry’sfotal]
area.[ThelagriculturalCsector[producessignificantCamountsCbf[biomassthat[tan[be[]
used@s(uel.[ThelmainlSources(areby-productsiofldultivation(dfivarious[drops,hanurel]
fromivestock,Wastesfrom[agriculturallprocessinglihdustries,@siwelllas(eénergyldrops.[]
Allypicalléxampleloffalby-productromlcultivationls[straw. [Btrawlis[¢currentlyisedin[]
threeldistrictlheating[plantslin[Southern(Bweden(]2.25],[2.21][and[¢orresponds[io[0.50]
TWhlthermallénergy2.51].00
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LiquiddmanureJfromcattle[JfarmsCcanJbeOeitherdriedJandCdirectly(lburned,Cor]
anaerobicallyldigestedolproducelBiogas,whichis@aaluablelgaseous[fuel.l
AgriculturalCandfood[processinglindustries[producellarge[amountsCof[by-products,]
such@swastefrom(slaughterhouses,Sugarimillsiandbreweries.MostlofltheseWwastes]
aretaluable@dditivesiblthelanaerobicldigesters[forproductionlofbiogas.]

0
ThelexcessproductionCof(foodtropsCmadelitCpossibletolproducel&nergyltropsLon]
agriculturalldand.Thelenergyltrops{short[totation[toppice)havelundergonelTtapidl]
developmentln[Bwedenlduringtheast[110years.[Now[thearealplantedwith[fast[]
growing[frees[{willow=$alix)has[Stabilisedfo@bout[14'500Mha, [@lllihfheSouthernihird ]
of(thellcountry[J2.60].CJACwideresearchprogramcoveringCimostaspectsUof[JSalix[]
productionfandutilizationbeganlinihe[1970s.[Alongsidelthelesearch, [differentypess
of[Supporthavebeenlgivenionakelénergyldropsian@ttractiveandéompetitive [dption[]
fordarmersiwith(fedundantdarmland.[ThelWwillowdreeslareharvestedloncelin[several[]
years,[directlyléutihtolood[¢hips[@andsoldiodheldistrictheatingSector.[Thelpotential ]
forlénergyleropslisigreat[&ndcontinuinglincreaselis[éxpectedliniheduture.In2000,]
only[0.10r'WhDwereused.[SalixCcannotCgrowlCinChortherntSweden, Cbut[thereCarel]
herbaceousl$peciesl{grasses,harvested@nnually),(Which[areVery[$uitable[andvell]
adapted([tolthelhorthernltlimate.[However,[the[economy[bf[short[fotationforestry[]
depends[stronglylon(agriculturallpolicies,[@conomiclSupportlandpricesforlcompetitive ]
biofuels.[[2.25],[]R2.53],]2.60]0

il

Thelaverageamount[of(MSW [ {householdWaste)lin[(SwedenlisCaroundBOOLkgper[
personiperlyear,Wwith[average[énergyldontentof[10[1JI/kgLHV).[50%[of[it[is[Wised[@s
fuel,whichlis[@pproximately1’350’000{bns[periyear(]R.25].[A[SmalllpartioffheWwastelis[]
processedlinto[RDF.[RecyclingLoflmaterialslisLgivenlpriorityLbver[energylLéxtraction]
fromIMSW/n[Bweden, [butlincentivesforldecreasinglthelandfilllbperations[iogether[]
with[better[separation[andluselbfLltombustible[Wastelasfuellareltreated, Which[Will(]
leadfoldontinuouslincreaselinfhepowerlgenerationfromiwaste. Il

W

Other[sources[showlthat[1'450’000{ons[of(MSW Hogetherwith[809’'000{ons[industriall
wastesUare[lcombustedin0OSwedenUeveryyear[]2.51].C0ThereCare[22[0majorCwaste]
incineration[plants,finOhichihel$ize[bf(ihedurnacesVariesdrom[1[2o[60[MW.[Thel
totallinstalled[thermalCtapacityis[740LMW [{as[bf[1998).[DistrictCheating[basedlon[]
wastesl(ihcineration[supplies@round[10-12%[ofthe[dountry’s[heeds.[Energyleéxtraction]
fromMSWIih1999Was[5.2TWh([R.53],[2.51][@ndih[2000=5.30Wh{R.53].0

0
InCihe[Btockholmlarea,thelhouseholdWastelis[&stimated[atl600'000dons[annually.
With[@n[énergyValueoffaroundBkKWh/kg[{10.8MJ/kgLHV),[t[¢an[provide1.8[TWh[]
thermallénergylperlyear.[Takinglintolaccountihe{actihat[@lgreatldealof(paperEndl]
plastics[arel$orted[outlof(fheWaste,[fhe@vailablefhermallénergylis(around1.3[TWh[]
perCyear][2.13].00Furthermore,[thereJare Jabout1550°0000tons Cofindustrial Dwaste [
(garbagedromishops,factories[andl¢onstruction(sites),Wwhich[¢an[provide@nother[0.8[]
TWhihermall&nergy.[n[iotal,(fhe[possibleihermall&nergyléxtractable fromMSWUOn[
theStockholmarealliesOaroundJ2.10TWhU(theOtotalCdistrictheatingOsupplydin O
Stockholm’s[dountylis@around11TWh).[R.13]0

il
Biogas[Supplieslalquite[Smalll@amountloflthelénergylin(3weden.[In[1998,27[GWhwerel]
usedOforOelectricityUproductionJand029810GWhUforOheatOproduction[2.25].0The
correspondingiguresor[1999[are (B3[GWhHorlelectricity[and[447[GWhHor[heatingd
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(yetOanlincreasellcanbelobserved)[[2.53].C0ThisClcontributionCisCexpectedtorisel]
substantiallylwithinlthe[hext[decade.[Inlgeneral,fheléconomiclperformanceloflpresent]
biogasfacilities[thasCnhot[lbeenCparticularlyllgood.[INevertheless,Idriving[fforces[for[]
increasedbiogas[productionCdolkxist.[(TThelfesourcesfor[biogasproduction{cattle]
manurelandrichlorganicltesiduesromihedoodprocessinglindustries)aregenerally]
underutilized.Partloflthe[MSW [dan(alsolbeldivertediobiogas(digesters@andtilizedas]
valuable[fuellinthedorm[of[biogas,althoughCanaerobicdigestionof (IMSW sCmuchll
moreldifficultiolimplement@ndlcontrol{andihelyieldlisfarless)¢omparedfoinanurel]
anddood[processing[Wastes[{seelsubsection[2.3.2.2.).[ThelutilizationCof(thebiogas
itselfldanbeladelhlalthuchihorelprofitableWway, forléxamplelas@nfautomobilefuel.]
O
In[general,Lconsumptionof[biofuelslinCBwedens[$tronglyldependentloniheirprices,]
which[atfhe tnoment@relcompetitive (With[priceslof[conventionalfuelslonly[duefolthe]
heavy(faxation[of(allfossil{uels.Taxhcentives[andpressurefromSocietyllemainthe]
majorlimpetus(orl@ontinuinglincreaselofbiofuelllseldaslénergySource.

O

O

Table[2.1:[Comparisonloffuelpriceslin(Sweden,hcluding@llfaxes@nd VAT, OhSEK/kWhHor[O
year2000.[(datalfrom{R.53])0J

0
O IndustrialWlsers] HouseholdsO
O SEK/kWhU SEK/kWhU
Gasoline®50 -0 0.870
Dieseld 0.2970 0.770
LFOO 0.3180 0.560
HFOO 0.230 -0
Coall 0.1280 -0
Woodchips,50%Wet 0.1120 0.140
Electriclheating 0.250 0.730
O
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2.2.Combustion[PropertiesofBiofuels]

W
Effortsforfechnicallénhancementlihfheléontributionlofbiomass(io[Gommerciallénergy]
forms[arefocusedbnCimproving[both[thelkfficiencyland[environmentalCimpact[of[]
biomassle¢onversion.[Stilllthereis[alheeddorHurtherlinvestigation[of(ihepropertieslof]
biomass,lihlfegardblits(donversionlihtofhermallénergybylGombustionprocesses.Il
Albetterliinderstandinglofihotlonly(how(thel¢onversiondechnologyl¢canbeadaptediol]
fitthelpropertiesioflthediomass(fuel,Butthowihepropertiesioffhefuelnightbearied]
tolSuitlfheldonversionfechnologylofl¢hoice,lis[hecessary.]

O
Plantstelylon[tertain(fundamentallprocessesdorlgrowthlandteproduction,yetlhavell
evolveddtoJaccommodateallgreatldiversityJofCJecosystemsandenvironmentalll
conditions.[Accordingly,[theyléxhibitC€ertain[grossLsimilaritiesCin[properties, yet[with[]
substantial($pecificlvariation.[IMany[of(thesel[propertiesareltriticalfor[properdesign]
andloperationloflénergylconversionfacilities,[althoughlhotlalllpropertiesLareleéqually]
importantCinCeveryLtonversiontechnique.[Asl[the[biomass-fuelledCpower[generation]
industryChas[expanded(CinCrecent[decades,thel[diversity[bf[fuelltypeslutilizedhas[]
expandedasOwell,OoftenCOwithCunanticipated JandOundesirable dimpactOonOfacility [
operation.JAlthoughthefundamentalClcombustionCbehaviourCofCbiomass[fuelsChas[]
receivedlincreasing@ttention[andhasbeenivellllinderstood, fherelis[still[$Spacefobel]
filledwithknowledge[about[combustion[¢tharacteristics[andfhelimportancelof(¢ertainl]
propertiesfor[theldesign,[tontrol,Coperation[andCmaintenancelbf[energyltonversion]
facilities.[[2.29]0
CombustionOisOalcomplexOphenomenon,dinvolvingOsimultaneousCheatOandOmass[]
transfer,[governedbyl¢hemicallieactions[andfluidflow.Its[predictionforthepurposesl]
ofldesign[andltontrollfequiresknowledgelbffuel(propertiesand@helmannerlinivhich [
theselpropertieslinfluenceltheldutcomeloflthel@ombustion[process.[]

[

InCgeneral,[combustionCisCalchemicalCreactionCwithDoxygen[{oxidation) Dof(lcertain(]
chemicalCelementsfromOtheOfuellintoOtheirCoxides.JAsOalnaturalCJphenomenon, [
combustiontisCaltommonCprocessfor¥downgrading’themicalCelementsfromtheir(]
unstableformsoiheirlinost$table lorms[+Theldxides,in(Wwhichforms[iheylhaturally]
occurlinfhelénvironment.[Thesel¢hemicalieactions,beingléxothermiclones,feleasel]
energylin[theformoflheat.[Inforderforthe fuelfoeformed{produced),[@nergylmust]
belinvolved{dumped)olbringfhel&lements@rom(iheir[$tabledormslintothigh-grade”
unstableforms,[or[fuels.[Biomasslhasperformedhis[fupgrading’process,lisingihel]
sunlas[anleénergylproviderlandlinvolving[$ophisticated[chemicallconversions[{stillhot[]
understoodtompletelyCbyChumanscience)to[formtomplexarbohydratesbut[bf[]
carbonldioxidelandWwaterlas[dawmaterials.[Carbon[@ndiydrogenlareéxactlyfheainl]
ingredients[ofbiologicallinatter,hoseldonversionbacklihtoldxideslihfhel¢ombustion[]
process(provides(ihelfeleaseloflénergylintheformofheat.]

O

U

2.2.1.[[ElementallStructureldfbiomass.[Ashdomposition.[]

U
InCtheprocess[bf(formingChydrocarbons,plantsCheedmany[*supporting”Cthemicalll
elementslih[Smalllquantities,whichinustéxistlinthelénvironmentlih[orderfortheplant]
tolthrive.[Somelother[chemicallélements[aremot[crucialforfhelplants’Survival,butlare]
entrained[@nd[Stored(ihtolthe[plants’[growingmatterih(¥ariable[quantities.Infhesefwo[]
groupsLoffadditionalCeélementsCpresentlinthelbiologicallmatterFallCalmostlallCknown[]
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chemicallelements[that[éxistlinChature.[TheylalllChavelinfluencelon[the[combustion[]
propertiesCof[biomassCandlbnltheltombustion[processlitselfCandCmaylorCmaylhot[]
undergoldonversion.[]

O
Algeneralleactionformulationforfthe@ombustionldfbiomassfuellih@irimightfakefhel]
followingform(R.29]:0

O

CleXZOXSNX4Sx5C|XGSix7Kx8C:ax9MgxlONaxllpxlzFex13A|xl4Tixl55'm‘lHZOE’m‘z(:l-‘l'e)(o‘l'|:|:|:|

W

3.76N,)[EMH;CO,FM4H,OF 5O, F MgN, F H;,COF MgCH4 F MgNO 11 gN O, [FIT

W

+[1;SOLFM1,HCIEF M1 3KCIFM14K,SO4F M1sCEHOL. ... ... O

W
Thelirstteactantlcompoundlisihebiomassuel{generalised[&émpiricalormula).[The
second[feactantltermCexpressesthe[moisturelinthefuel,[(Which[tan[belextremely
variable.[Thehird@ermepresentslairl{althoughlihis[againlis[alsimplification)Aslall
simplebinarymixturelofloxygen@ndnitrogenihihelratio0f[21 [%vib[79%ov. I
Thelproductsidelof(thefeactionlisLéomplex.[Thelmainproductsarefhoselappearingl]
first.MtOs[difficultolidentify[all[offhefeaction[products,[Somelofthemhaveshortdives]
within[thel@éombustionl¢hamber[and@renotpresentlihthel¢cooledeéxhaustigases.Thel]
detailed[¢hemistry[of(thefeactionlisfarfromluinderstood.MakingStandardizations[@nd [
engineeringlfecommendationsCtoncerningtheldesignLoflbiomassLeonversionlénergyl]
systemslisery(difficult.

0

Table[2.2:Results[of[¢hemicallanalysis, identifyingfhe[élementall¢oefficientsfromihelabove
formulaCfor(wolmajortypesCbflbiomass-Cwoodybiomass[(Hybrid[Poplar(species) Cand
herbaceous({grassy)biomass[{RicelStraw).{from{R2.29]) 0

O
g U g Hybrid[Poplard Ricelstraw[J
cCO xE=0 0O 4.19160 O 3.20720
HO xEO O 6.0322[0 O 5.19730
oo x=E0 O 2.5828[ g 2.81480
NO xEOD O 0.0430MD O 0.06250
SO xsF0 O 0.0006MD O 0.00570
ClO xsE0 O 0.0003[ O 0.01650
Si0 xE0 O 0.0057M O 0.50000]
KO xgFO O 0.00671D O 0.05920J
Call x,=0 O 0.0337[ g 0.01410
Mg x;0EF0 O 0.0205[ g 0.01350
Nal x;,EF0 O 0.0002D O 0.00790
PO xpF0 O 0.00121D O 0.00860
Fel xi3E0 0 0.0007[ g 0.00290
Al xuEF0 O 0.0008MD O 0.00730
TiO xiE0 0O 0.0002D O 0.00040

[

U

From[Table[2.2[0t[¢canbeltlearly[$eenlihatlthelmain[chemicall&élements,buildingihel]
plantissue,[arelC,H,[And[O.[Expressedlih(percentages,darbonldonstitutesaround40]
to[B59%6wt, (hydrogenlaround[6[%owt[@ndloxygen@round (3504 2wt [of[Theiomass]
matter. [

OtherlmainCgrouploffélementsitepresentedlinthelorganiclissuel@areihehon-metals]
mostldommonlymetlihbatureZIN,3,[Cland[P.MNitrogenisterylimportantfortheplant[]
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nutritionCandLcritical[(tolitsCgrowth.ts[presencelinthe[biomassCmatterlisCunwanted[]
however,[becausel{althoughlinertCatChormallCtonditions)lin[tombustion[feactions[at[]
highlfiemperaturesinitrogenlfeactsiwith[oxygen[foformseverallhitricloxides,[generally]
represented(bylthe[formulalNOXx.[Bulphur,[CIfand[Parelalsolunwanted,[Asonglas[]
theylnevitablydorm[hazardous[gaseousloxidesl[orother[pollutingléompounds[during]
combustion.d
Thelihirdinajor[grouplisiheAsh-forming[elements.[Theylarelinetals, [fepresentatives]
of(the[alkaliCandCalkaline-earthClgroupsCoflichemicalCelements, CalsoCotherCimetals, [
aluminium,SiliconAndlothers.[They@relimportantlandivell-spreadl¢onstituentsloffhed
minerallpartlofltheSoill@and@reléntrainedlinihelplantiissuelwithfhewaterlasloxides[or]
as[positivellonsdrom[dissolved$alts.[5omelbf(themAreWerylmportant{ortheplant
nutritionCandfor[thelGonexchangelprocesseslin[keveryllivingorganism.OrheyCarel]
presentlihfhelplantfissueoth@s[partiofftheldorganicihatterl@and@siSeparatelinorganicl]
substances. ]

O
AshlinObiofuelsChasCalveryCcrucialCimportance UforOtheCdesign, CperformanceCand U
maintenancelbf(lcombustion[chambersCandboilerCheat-exchangesurfaces.[During]
combustion,mostloflthelash-formingl&élementsldolhotlindergolchemicallteactionsofl]
bigsignificancedoriheheatlteleaselprocess,butlfheylalllare [activelylinvolvedinlihe
generallchemicalliransformations[taking[placelin[the[€ombustion[zone[andemerge[]
eventually@sloxides,hydroxides[and[salts.[Boilerlashld¢onsistsalmostlentirely[df(solid[]
oxides[and[Salts[oflalkali,[alkaline-earth[@élements,[@luminiumandSilicon. I
Thelphysicallfransformations[{such@slmelting,fusion,Sublimationfandaporising)fhat]
ash-forming$ubstancesliindergolinlthe[¢ombustion[¢chamber@lsohavelanlénormous]
impactlonihedoilerldesign,[performancelandnaintenance.[Thel¢ombinationofhigh]
oxygen[tontentlandlhighlorganiclVolatileCmatterlin[biomasslindicates(alpotentialfor[]
creatinglargeamounts[oflfinorganicCyapoursCduringCeombustion.[AlkaliCelementsin[]
particularfareldirectlyWaporised(@timormallfurnaceloperatingliemperatures.[Alkali3alts]
and[sulphatesCharm[thermochemicalCtonversionkystems[by[foulingCandtorroding[]
heat-exchange[Surfaces,[gas(iurbineBlades@nddtherl@omponents.[2.29],[R.3]0
Chlorinelik[alnajorfactorlinfashformation.dtfacilitatesfhelmobility[of[Manylihorganic]
compounds.[Chlorine[concentrationoftendictates[the JamountofCalkaliCvaporised
duringlcombustionf@s[strongly@sldoes(ihelalkalildoncentration.[Potassiuml¢hloridelis[]
among[themost[stableChigh-temperature,[gas-phase,Calkali-containing[species.In[]
mostltases,[thlorine[appearsolplaylalshuttleltole,Facilitatingihe@ransportloflalkalil]
fromIheuelfol$urfaces.nihe@bsencelof(¢hlorine,Alkalilhydroxides[@relfhelmajorl]
stable[@lkali-containing[das-phase[Specieslinicombustion(gases.[[2.29]0

U
Thelinclusion[of15élementslinthelémpirical@ormulaloflthefuellabovelis[ihncomplete.[]
There[areCmanylmore,[5omelbflWwhichlCarelalsolimportant(tolthelissuelbf[biomass[]
combustion.[Heavylietals,for(éxample,have@lstronglinfluencelon@shldisposal,ut]
arel[¢ontained[ihlhfinitesimallquantitiesland[¢annotbe[@éasilyfakenlihto[accountlihihel]
elemental(Structurelabove.[]
TheJamountOatCwhichCeveryOelementUisCpresentUinCthe OplantCtissuelisCstrongly O
dependentionlthelplantliype,(Soillfype@ndidonditionsiofigrowth.]

O
InorganicimaterialsiSuchlas(dirt,[SoillandStonyparticles[@reUsuallyincorporatediihthe[]
biofuels[duringltheirlharvest,fransport@andistorage.[Such@dditionallmaterial[canbe[al]
major(partlofthel@shlinthefuel.]

O
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Comparedlib[doal,Biomassihasbwerlashldontent,thuchlhigherldxygenldontent,lower[]
nitrogenléontentfandowerlSulphurld¢ontent.Thelow@mounts[of[$,N[and[@sh-forming]
elementslihthebiomassIgivelitlabigladvantagelfolthe(solidfossilfuels.Theleryhigh[]
oxygenltontent,[decreases[theltalorificCivalueperCunitCiveight[bf(fuelCand[tanCbell
consideredasCaldrawback.[lHowever,CoxygenCplaysCalCroleClinCanotherOimportantd
propertylof(ihebiomasslaslcomparedfosomeltoalsHorléxampleFLtsthighVolatility.[]
Thelhigh[volatilityChelpsaduel@o[be[easilylignitedatdowerdemperatures[andmore]
thoroughlyldombusted.[]

O
Compared[tolkachlbther,[theiwolmainltypesloflbiomass,[Woodylandherbaceous]
biomass,havelalso[somelguite[importantCdifferences.[OnCheneral,&allCbiomassith [
herbaceouslorigini{grass,[Straw,@griculturally-productsiSuch@s(shells,hullsiandpits,]
alsolleaves[andlgreen[partsCoffwoody[plants)havedower[tontentsCof(thelmportant]
elements[{carbonandChydrogen)CandlChigher[tontentsCof[allllnwantedelements[asl]
oxygen,[hitrogen,Sulphur,(phosphorus, [¢hlorinelandléspecially(ash-forming[eélements.]
Thelgontent(oflalkaline-earthleélements(isSlightlylowerlihherbaceousbiomass,Butlfhe]
alkalilélements(déontentlisinuchhigher.[Theeryighlsilicaldcontentlinfheherbaceous]
biomassupb10=3156[S$i0,[ih[dryhatter)iseryldurious.[2.29],04.4]0

0
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Fig.2.5:MNormalized@ashldompositions,Yariousldeposits@and$lagsfromdommerciallbiomass
power[plantsCnthethree[tomponent[bxide[system[5i-K-Ca.[Each[torner[bf(theldiagram
representsCallcompositionCJconsistingOentirelyJofJthedcompoundshownOatOthatOcorner.[
Intermediate[aluesCarelimassl[toncentrationsLof(theloxides.[Gridspacinglis[10%.[The[first[]
letterlof(the [designationfefersofhelypeldflcombustioninit, the mumberfollowinglitbefers o]
individualluinits.[Thelowerl¢aselettertefersolihelypeldfimateriallas[Shownlin[ihelegend. I
(from(2.29]).0

il

U
Thisldifferencebetween(the[fwoiypeslofibiomass{woodylandlgrassybiomass)haslall
significantlimpactloniheirlénergylutilizationih[¢ombustion[chambers.[Thelhigherlash[]
contentLandthelhighCsilicalandlalkaliCeontentlinthe[ashfromlherbaceous[biomass[]
makes[burningland@shhandlinglmuchmoreldifficult.[ThisCthas[@&lparticularléffectlon]
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boilerfdesign[and[maintenance.For[&xample,burningstrawlin[a[boiler[tdesignedfor[]
wood,[dausesl(rapid(Sintering,[Slagginglandipbuling.
Although(iheldetailed[¢hemistryloflash(slagging@ndfoulinglis[hotlyetfullyldeveloped,]
removalloflalkalifandlotherlélementslsknown[{olincreaselihefusionemperature[df[]
the@sh.In[general,lowerlalkalildontentlimprovesl[ashbehaviourSubstantially.]

O
Exactvalues(oflthelélementall@ompositionofbiomass(arelpresentedih[Appendix[A.1.0

O
M
ExtractivesB%[I]
(resins,fannins,étc...)d
Cellulosell D. - . .
MIB0% Lignino  Fi9.[2.6: [Classification[florganic(Substancesin(]

44— 2290 woody[] biomass.[] Thell three[d major[J] organicl]
materialsCinCbiomassstructureCareOCellulose,
Hemicellulose and[J Lignin.J ManyU preciousU
organic[substancesltonstitute[theExtractives,[]

& Hemicellulosel dependingonltheplant8Species. I
(IR 3%0] (from(R2.62])C
0
0
0
2.2.2.ThelénergyNalueldfiomass.[CombustionKinetics.I
0

As[WwithCevery[fuel,[thelstandardCmeasurelfor[the[energyltontentlbf[biomasslislits[]
heatinglValue[{calorificivalue),[@xpressed@slowerlorhigherheatingalue.
Ashldontent@ndmoistureldontenthowever,[decreaselSignificantlyfheheatingValue[of[]
alllsolid[fuels,[includingiomass.HeatingValue[of[évery[fuellis[directlyproportionalfo]
the[@amountlofléarbonlandhydrogenlinliilandlihverselylproportionalibfhe@amountlofall ]
otherlélementslandimoisture.
Onldrylash-freelbasis,biomassiuels[haveheatingvalues[¢omparableWith[fhosefor[]
mid-quality[d¢oal,[around20M1J/kg.TheldifferencebetweenHHVRAndILHV forbiomass[]
isfquite[small,[duelfolihe Dowl@mountloflhydrogen{notimorefhan[6%wt).[Ashl¢ontent]
inCbiomasslis[comparativelyfowlandlitfdoesChot[have@alprofoundleffecttonCheating]
values.[l
ThelhighOcontentCofCoxygenllin[CbiomassCleadstolessCairCineededforC0complete ]
combustionlofltheuel.[Thelesslairfheededor(StoichiometricCeombustion,thelless]
diluentlin[theformof@tmosphericitrogeninustbeMeated[@longiwithfheldombustion[]
productstiolachieveliheadiabaticflamelfemperature.Stoichiometric[air-fuelltatiosfor]
hydrocarbon[fuelsCareltypicallyCbetween1l4and[1l7,for[biomass[theylare[#A[to[17.[]
Adiabatic[flamelfemperaturesforbiomass{drybasis)ielfypicallytiwell@bove[2000K,]
updo[2700IK.Forlecomparison,fheladiabaticlameemperature[dflethane{CH,) 0N
airlislapproximately2300K, WwhilefhelhigherheatingValue[ofiinethanelis[almosthreel]
times(ihatlofiwood.[R2.29]0]

l
InCaddition[tolthelenergylteleasedbytombustion,[thelfatebfCtombustionlis[alsol]
importantlin[theldesignLofCtombustion[systems.Thelfate[AtlWhich[albiomass[fuell
burnsldependsonfamumberlofiphysicallphenomena.[Twolpredominantfactorsiarefhel]
rate[bfCheatiransferCand[thelkinetic[tate[bf[teaction.[Particle[Bize[dominates[the[]
influenceCbfCheatltransfer, CwithCsmallCparticlesCheatingCimorerapidly(thantoarser,[]
thicker[particles.O
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CombustionOoccursCbothCinthelgasphasewith[the[burningUof[volatile (Omaterials[]
releasedihroughpyrolysistofihe fuellliponheating,[andheterogeneouslylinlthesolid[]
phaselasl[¢harldxidation.[ThelburninglofVolatileslis[generallylquite [fapid@nd{ollows[]
as[fastlaslVolatiles[arelteleased[]2.29].[MMhelbxidation[bf[thar[bccursCmuchCmore]
slowly, [Solitlis[fhemnhajorlgoverningfactorforiheNelocityldffheldombustion[processlas]
alwhole.[Thelresidencelfimeloflthe[particleihfhefurnacelislimportantforfheldomplete]
conversionlandorthel@missionsfrom(iheldombustor.[]
l
Fuellpyrolysisfandl¢harloxidation[cane¢lassified[As[Thelmain[$ub-processeslduring]
combustionloflalwoodparticle.[Afterlénteringihedurnace,fhelfollowingprocesseslare]
observedlibbeleéxperiencedbyl@aiwoodparticle,Startingfromdoomfemperature:]
Il
1.0UpIblabout150°CHdryingWwith[@lSmallweightbss; ]
2.0Between200Cand[#00°CE-[aLVvery[tapiddossCinweighttueltotheevolution[of]
volatilematerial, whichWwilllignite @ndDurn;
3.0Followinglihelreleaseofvolatiles,therels[alSlowlbssofweight[asihe esidualldhar]
graduallyCdecomposesandlbxidizes.[ICarbon(firstCbxidizes[to[tarbonCmonoxidel
(CO)dnlthelsurfaceloflthelcharlparticle,fhenlibldarbonldioxide(ICO,)lih[therolumel]
surrounding@hel¢char[particle.[The[$peedlofiheldveralllprocessldlependsistrongly
onlthelspeedloflboxygenldelivery[iolthelsurfacelbf(thelthar[particlefandlonlthe[]
conditions[forldarryingawayfheproductsfromliheparticle’s[Surface.]
Il
Metalslih[biomass[arelknownlibhavelan[effectloneactionfatesandlarefhoughtiobel]
catalyticlolpyrolysis.[[2.29]0
[
Moisturelis[the[factor[thatlisCbf[uppermostsignificancetueltolitsCdirecteffectConl]
heatinglValueldfBiomass@ndlonlits[éombustionehaviour.[Freshlyharvestedbiomass]
containsusuallyCmorelthan[50%wtlofCmoisture.[Thelévaporation[of(theWaterlinthel]
fuells@Stronglyléndothermiclprocess,Whichldumpsimuchoffhelheatfeleasedbythel]
combustion.[High@mountslofiwaterlin[@uellcanleadoldifficulties{orhis[{fuelfobe]
readilyClcombusted.0TheOautothermalClimitC(self-supportingClcombustion) OforCdmost[]
biofuelstisCaround[65%[moisture[contentlonlWwet[basis[{massloflWater[perfmass[ofl]
moist[fuel).CAbovelthis[point,[thelenergylliberated byl tombustionlisCinsufficient[tol]
satisfy(theheatequirements[forleévaporationlofimoisture@ndheatinglofthefeactants[]
toldhelignition(point,[Which[means[ihat[tombustion[¢annot[$upportlitself.OMoisturelin[]
biomass(haslalso@nlimpactlonpollutantlémissionsiromboilers, forléexample [COE-[A]
productloflihcompletel@éombustion.[]
TheUeffectUofCmoisturelcontentConOtheCheatingCvalue DofChiomassUcanbeCeasily]
understoodwith{thelfelplofigraphs,Such@slthat[Shownlih[Appendix[A.2.00
il
BiomassOwith[OmoistureJcontentOofClaround 050 0%wtC(freshlyCOharvested OwoodCifor[d
example)has[alLHVof(approximately[B[MJ/kg,inoredhaniwodimeslessihanlonldry[]
basis.[Air-driedbiomass({forléxampleivood(storedfor[alongimelinder[alshelter)has[]
moisture(dontentloflaround15-20%wtAnd@MILHV [0f[around15MJ/kg. 10
il
Dryinglof[biofuelsCpriorltoltombustionlleadstolalmore[stable[combustion[process,[]
loweremissionsfromlincomplete[tombustion{lessLCO,[UHCandDvOC),limprovedl]
radiativeheat[iransferlin[the[€ombustionCthamber,dowerolumelbfflue[gases[andl]
less(heatl¢arried@waybyhon-condensediWwaterlinfluelgases. [Effectslofhighlmoisturel]
contentlinCbiofuelsCWillCbe [shortlyCdiscussedUinlksection[2.4.['BiofuelC(HandlingCand
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Preparation”.[Al$eparateWork[Within[fhe[presentlproject,[a[Master[of(5ciencelThesis[]
titted[*Drying[of[Biofuels[forlEnergy[Purposes”,[iakes[altloserlook[at[the[problems]
associatedwithmoistbiofuelslandthelpossibilitiesforldryinglthembeforeldombustion.]
l

O

2.2.3.[Pollutantl@émissions(l

O
Althoughbeing[CO,-free,[combustionloflbiomasslisthotpollutant-free.[Aslsthel¢case]
withlevery{fuel,[ftheldombustion(ofbiomassémitsmumeroushazardous@dompounds.[]

0
Primary[pollutantsfformedCduringbiomass[combustionlare[PM,[CO,[WHC,[VOC,INOx[
(principallyINO[ANdINO,),[And[SOx{principally[@s[50,).[Otherlacidiclgases[Such[asl
HClmay@lsobelémitted,@sWelll@sheavyhetals.[

COANdWHC, lincludinglVOCand[polycyclictaromaticthydrocarbons,[@reproductsof[]
incomplete[tombustion.[Theselspecieslarelargelytontrolled[bystoichiometry, Fuell
moisture,Lcombustionfemperatures@ndresidenceiimelinthe[tombustion[chamber.[]
Heavylimetals[can[be[presentlinChighCtoncentrationslin[ihe[&xhaust[jasesFromihel]
combustion[of(RDF[@nd[painted[orireatedWoods.[]
PMIihcludes[soot,nicroscopicl@shparticles,[¢ondensedfumesl({tars,oils)[and[$orbed[]
materialsCasVOCandaromaticChydrocarbons.[PM[releasedlinCheavilyCpopulated[]
areas[causesbreathinglhazards@ndlnhumid@tmospherefacilitatesfheformationof[]
smog.[PM[dan(@lsoldauseldancer.[
Emissions[of[(5Ox[arisefrom[thesulphurCtontentCbf(thefuel,CWhichlinthetaselbfl]
biomassl(uckilylismothighlandmofluelgasidesulphurisationléquipmentlisfeeded.[]
Emissions[ofINOx[@riselpredominantlyfrommitrogenlin[fhe Biomass.Manyldommercial [l
biomass[combustors({amongihem[alllFBCtombustors)[bperate[at[temperatureslow]
enoughfhatfihermalINOx[¢ontributesonly@$mallfraction[offheotal.(Nitrogendrom]
theuellhoweverlis(éasilyloxidised.[Thelhazardous[effects[of(INOx[arehumerousandl]
therelis(nomeed(ibldiscussthemlhere.
NOx[emissions[also[dependpartlyCbnCstoichiometry.[Fuel-lean[tonditions[producel]
higherf@mounts[0f(NOXx, [Ho[@he[pointlivhere[combustion[emperatureslareldlecreasedl]
muchbyfheadditional@irland[INOxHormationapidlyldecreases.[Fuel-richl¢onditions]
producellinherentlydverydlowd amounts[ of (] NOx.[dMoreover,Junderstoichiometricll
combustionlisCknown[to[bel&ble[toldestroy[(NOx[tolalgreatlextentlWwith[thehelplof[]
hydrocarbonradicals,WhichlfeducefheNOxDackiomolecularnitrogen. I

il
Apartifromihelalreadylmentionedpollutantsfesultantfromiheldombustion[oflanySolid]
fuel,CincinerationCofLMSW [produceslalsolkomeltoxic[brganic[substances[{suchlCasl]
dioxins,Hurans,@romatics[andlothers),Whichl¢anbeltlassified@s[VOCaAndlare Wery[]
harmful.[ThislsCaggravatedbylthefact[that(temperatureslinltheLMSW[€ombustion[]
chamber@rekeptlcomparativelydowlhlorder{oldiminishihepossibility[ofioltenlash]
depositslonlihe[boilerSurfaceslandihel¢orrosion[¢ausedbyydrogenichloride.Lowerl]
temperaturesCincreaseltheproduction[bf(toxicCbrganicCpollutantsCandpreventtheir(]
destruction[{they[@releasilyldestroyedatlhigherlfemperatures).[FFurthermore, fhehigh[]
amountloflfacid-formingLelements,CalkaliCelementsCandheavylmetals[&lsoltesultslin]
poisonous[émissions.[2.38][]
Becauselof(this,IMSW0hcineratorstimustlalways[beléquippedWithflue[gasscrubbing
systems,[to[ensurethatCemissionsCareCwithinOimits.[Longerretentiontime[of(thel]
combustionUproductsUatUhigherCtemperaturesCinOanUisolated(lzoneOcanCalsoUhelp
destroyingliheoxiclorganiclSubstances.[Il
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2.3.Mechnologies(forBiomass@ndMSWI[EnergyUWtilization[

W
Thellechnologiesiorthelprimaryltonversionlof[biofuels[iol&énergyltanbeldividedln]
threelmain[groups:[directtcombustion,lipgradingfolgaseousfuelslandlupgradingiol]
liquidiuels.

O

l

2.3.1.0Directl@ombustiond

l

Traditionalldpenheatingl@nddooking(fires, [@ofiringlafbiofuelslihfossil-firedDoilers@nd
combustionlin[boilersidesigned(Specificallyforbiofuels,@relfhetilizationimethods[ithat[]
falllihtofheldirecti@ombustion[group. Il
Directl@éombustionlislihelleastléomplicatedfechnologylihatcaneadilyutilizeanydype]
offuel. I

l

O

2.3.1.1.MPileBurner[]

[
Piletburners(iepresentlihehistoriclindustriallmethod[oflwoodlcombustion@ndypically]
consistlof[@lfwo-stagel@éombustion[éhamberiwith[@Separatefurnacelandboilerdbcated]
abovelthel[secondaryltombustionCchamber.[oTheltombustionCthamberlis[separated[]
into@owerpile[sectionforprimarylcombustion@nd@nlippersecondary[tombustion]
section.[WoodlLis[piledConCalgratelin[the[bottom[section[and[combustionairlis[fed
upwards[throughihelgrate[andlinwardsdromliheWalls.[.Combustionlis[completedin[]
thelsecondaryldéombustionzoneuisingloverfirelair.(Woodl[islintroduced[either[onfop[of]
thelpilelorthroughlanlunderfeed@rrangement.[Ashlisfemovedanuallybydumpingit[]
from[ihelgratelafterlit’'s[d¢ooled.[R.3]0]
Pileurners(ypicallyhavelbwléfficiencies,[@yclicloperating@haracteristics[(because[0f[]
cyclicfuelfeed(andlashfemoval)[andfhelédombustionliseérraticlanddifficultiol¢ontrol.[]
Theyhavelslowesponsel@andlaremotlSuitable forlbadiollowingloperations.[Theirlonly]
advantagelis[theirSimplicity[@andhelabilityfohandlewet, [dirtyfuels.[]

O

il

2.3.1.2.[%toker[grate(]

D

StokerCcombustorseature[almovinggrate, (Which[permitsCcontinuous[andleasylash]
collectionCandwood[feeding.[InCaddition,[theFuells[spreadmorelevenlyCandOnCall
thinnerayerlhfhelcombustionZzone,[giving[moreléfficientlcombustion.Thebottomdf[]
theurnacelis[theinoving[grate,(Whichlis[¢ooledbylinderfireair.[Underfire[air[defines]
thenaximum@emperatureloflihelgrate[andihe@llowablenoisture[dontentloflthefuel.[]
Combustionisléompletedby(theUselofldverfire@ir. I
ModernlCdesignsLémploy[@alslopingteciprocatinglivater-cooled[grate.[Low[NOx[evels[]
canlbelachievedlhlgrate[¢combustorsbyllisingstaged¢ombustionF-{fuelburnslonthed
gratelin[klightlyCunderstoichiometricClconditionsCandChalf[(bftheairCisCOsuppliedCas]
overfirelair.(0nlthislWayliemperatureslinthefurnacelare[maintainedCatlowerlevels,]
whichhas[alpositiveimpactmotlonlylonihe INOxHormationbut@lsolonlashbehaviourl]
(furnacelfemperaturelisbelow@shldeformationfemperature).2.3]0
Gratelboilersioflvariousldesigns@are[dommonlyisedforMSWIhcineration,[Fig.2.3.0

il
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Fig.2.7:MAeciprocatinglgrateMSWIhcinerator.[Cross[Sectional[Schematicloflthe[dombustion
zone.[(from(R.36])0

[

U

2.3.1.3.MRulverizediwoodburners(]

U
Theltombustion[offpulverizedWoodlinhigh[heatdoad[blast{urnaceslis[deriveddrom]
thel$imilarechnologyorl¢oal.(tlis[alsol¢alledIsuspensioniring”.[dt(tequires[afeed ]
moistureldontentloflessthan[15%@ndalparticleSizedessthan1.5m.[Thelhighheat[
loadesultslin[Smallerfurnace(Size.[Highboilerléfficiencies[arelachievable, Uipio[B80%.0
Offsetting@hehigherléfficiencylishel¢ostHorldryinglandpulverizing[oflthe feedstock.[
Infaddition,$peciallburnersiheedobelised.Burnersidevelopedforsuspensionfiringt]
include(Scrolll@yclonicburners@ndterticalldylindricalburners.2.3]0

il

O

2.3.1.4.MWVholelfreelfechnologyl

W
AlcompanylinlUSAhas[developed@$peciallinnovativefechnologydorburningliivood. ]
As[thenamelJsuggests,thedconceptllinvolvesburningCwholeOtreesCinCallstaged(]
combustion[systemwith{the[use0fllowiemperatureléxhaustigaslibldryihelirees.[
Treeslareransportedfolthe[powerlplant,[cutlinto[pieces[ofldesiredlengthl@ndlstored]
in(fhedorm[offallargedoosely$tackedpile,[inderfivhich[@irlheatedbyihe [Hluedasis[]
ductedioldry[thelireesor($everallweeks.[Thelioisture[tontent{alls[folabout[25%,[]
resultingUinOnearly[110%increasellinCfurnaceUefficiency[[2.46].L0ThenUthe [feed s
introducedlintolfhelprimary[combustion[¢hamberihroughlalfamtharger.[Thelprimary]
combustionthamberlis[envisionedCas[aldeeplbed,wherethewholeltrees[burn,]
supportedby[alwater-cooled[grate,ih[Substoichiometric[¢onditions.[Thelgaseseavingl
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theprimary[combustionCthamber[WillCbeburned[With[overfireCairCunderCexcesslairl]
conditions.[CharffallingfhroughhelgratewilllalsobeBurned.]
Theadvantageslof[JsuchalttechnologyarethereducedCoperatinglicosts.[Higher[]
efficiencylis[@alsoléxpected.[R2.3],[2.46]0]

O

l

2.3.1.5.Fluidizedbed[Gombustors[]

l
The[fluidizedbeddechnologylisiivellldeveloped@ndimanylinstallations@re@lreadylin]
uselthroughoutthelwvorld.[CFBCtombustorsChavelthe[advantage[bf L extremely[good
mixingCof(dthe OreactantsCJandChighCheatOtransferOrates, OresultingCinCiveryOuniform O
combustionCtonditionsCandUowloveralllbedtemperatures.[The[€ombinationCof(good[]
mixingCwithClowOcombustionCtemperaturesCin[the (FBsystem[resultsCinCextremely
efficientCcombustion[{almosttho[CO,[UHCANd[VVOC, With[iypically[®9-100%[carbon(]
burnout)@ndirerylowMNOx[@missions. [l

il

FBboilers[canhandle@lmost@nykindof fuell@nd[are Wery[$uitableforlcombustion[of]
biomass[{wood,[IMSW,Waste[$ludgelorldthers)ithlowleémissions.[Ensuring[aldwell]
timelof(severallsecondslin[anlsolatedzone@tslightlyhigherfemperaturesihanlinlthell
primary[tombustion[zone[{with[$pecialliemperatureprofilingio[Avoidfecombination)]
helpsimeetihelfequirementioribwleémissions[offoxicldrganicipollutantsR.45].0]
Onelotherladvantagelof(iheFBboiler[asLaBClin[aully-firedIHCCLs[ihefacthatlal]
significantCpartCbflthe(NOx[Cemissionslin[thedr C[exhaustCtan[beldestroyedlinthel]
combustionCprocesslin[the(FB[boiler.[INOx[generatedin[theTClislldecomposed]
(deoxidised)inderChighemperaturesfandocally[$ubstoichiometricC¢onditionslinihe
boiler.[Thelfesultls[ThattNOx[¢oncentrationlof(the boilerfluegasesiendsliobe inuch]
lowerfhanihatlobtainedysimplyaddingheMNOx[generationlihfhe[T CHothat[offhe]
BCI3.26].Moreover, [finallNOx[Goncentration(afterthe[FBDoilerdanbelowerthanhat]
of(the[T Clitself, [if(fhe[generation[df INOx[in[fhe[T Clsveryhigh{forféxamplehen@n[]
ICEULslusedlas[TC).[Interesting[experimentaltesults(fromsuchlaltesearchlprojectl]
undertakenin(019880at[JChalmersUinstituteJof0Technology,[1ISweden,Ohavellbeen(]
presentedbyWingard(etlal.[]5.34].LALcommercial dully-fired(HCCLeonfigurationI{gas]
turbineCandfluidized[bed[boiler)CatCalutilityCCHPplantfn[Eskilstuna,[Sweden,Chasl]
confirmeddhisleéffect,teportedbyBjorklundand[Bohman,[1992,[In[&nlinternalteport[]
forfhetility[TekniskalVerken[{presentlyEskilstunalEnergil&Milj6)ihEskilstuna.]

il
Alconcern(forFBlechnologylisiheldangerlofbed@agglomeration.[Highlalkalilcontents]
infuelsOcause[particlesCin[thebed*olagglomerate, lgrowlinsize(landdefluidize,]
eventually[pluggingfhewholelSystem.[]

il

a)[Bubbling[FluidizedBed[{BFB):[]

il

In[aBFBalStreamloflgas({air)passesihrough@bedlofgranularimaterial, Wwithfhefuel
particles[dispersedlin(i,[@andihelgas¥elocitylisjustlénoughforfhelsolid[particlesioel]
suspended(andiolgdirculate[freelythroughoutlthebedwithoutbeing(carriedaway.[Thell
BFBlboksllike@boilingdiquidandhasihephysicallproperties(oflafluid. Il
InCtombustion[bfCbiomass,[thelfluidizingCmediumOs[airCandthebedlis[tomposed[]
usuallylofSandlorlimestonelparticles.[Airivelocityls@round1.5[3-3.5[m/s.[Overfire[air[]
isthormallylintroducedlbverlthelbed.[(BFB[boilers[arelusuallyltlesignedfor[completel]
ashldarryover,necessitatingfhe[@additionlofldyclonesland/orbaghouses(oriparticulate]
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control.[Al¢yclonelisluisedfol&itherlfeturnfines(folthebed[orfolfemoveAsh-richfines[]
fromIhel$ystem.[Biomasslislintroducedl&ither@hroughlafeedthutelfolthedoplofithel]
bedlorihroughltanlaugerltightlintolihelbed.n-bedlintroductionlof(feedstocklisfobel]
preferred,Caslit[providesongerliesidenceltimeforfines,[WhichCWould[btherwise[bel]
directlyléntrainedlihhefluidizingedium. Il

O

O

i il BUEELING FLUIDIZED BED BOILER
E} FOSTER WHEELER 55 WD, 22,8 kglh. B2 bes, 610 °C
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Fig.2.8:[SchematicloflaBFBSteam
[(M@enerator. [(from2.1])0

D
Uponistart-up,fhebedlis[preheatedfohefuellignitionfemperatureisinglanexternal ]
burnerffiredbyhaturallgas,propaneorfuelldil.(Foriomass(thisfemperaturelisaround]
540°C.[Atdhis[point,[biomass(isslowlylintroducedlintoithebedandthe @emperature]
graduallyelimbsipdofhehormalldperatingpointloffaroundB50°C.Duringloperation, [
thelcombustion[processlis[completed(inihelfreeboard$pacelabovelihelbed,Hesulting]
infemperatures(@abovelfhebedieaching@80°C.[2.3]

0

b)[Circulating[FluidizedBed([CFB):[

0

IflthelVelocityloflthe[airflowlin[@BFBlislincreased, fheubblesbecomelarger,formingU
largeWoidslinftheed@nd[éntrainingSubstantiallamounts[of(Solids.Thisiypeofbedis[]
referredfolasalturbulent[FB"[R.3].UfthelairYelocitylis[furtherlihcreased, fhelsolidsih[]
the[bed[ktart[to[flowltogetherCvith[the[FfluidizingCmediumCandtherels[holdistinctl]
separation[between(theldenselsolid(zone@andiheldilute[zonelabovelit, [fheflowforms
allargeldirculatingSystem[=@ACFB. I
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In[ALCFB,[fhelsolids[@relSeparatedfrom(thel[gaslihldyclones,[dollected@ndHeturnedfol]
theed,forminglalsolid(gdirculationlbop.[CFBhasbwerbeddensitiesthanBFB,Wwhile[]
thelairvelocitylis[@shigh@s@Ho10m/s.[ThelfesidencelimelfortheSolidsih@CFBik]
determined(by[fhelsolids[¢irculationtate,[fheriction[¢haracteristics[of(the[$olids[@nd
thel¢ollectionléfficiencyloflfhelseparationldevice.[Thelfuell¢oncentrationlinfhebedis]
usuallyverydow.[CFBIemperatures@remaintained@t@bout[860-870°C.[R.3]0

0
O]
Alholmens Kraft,
Pietarsaari, Finland
Steam 550 MW,
1894/1759 kals
i * 16540 bar
o8 T
Fuals Wood, peat, HEF, coal
Start-up 2001
m‘m IS
e
:;'}*I
| |
O

Fig.[2.9:[$chematiclofl@alCFBSteam(generator.[This[particularboilerlis[fhemewestlandlone [0f[]
theOargestlniheorld.[Power[generation(fromthe (B TLs[240[(MW.[Another[L0O0[MW,[are]
supplied@siprocessSteam@ndBOMW . [As[districtiheat.[FuellhputisB30MW. [{from(R2.1]) O

O

W
Almajorladvantagelof(a[CFBislits[ability(tolhandleVarying[feedstockWith[different]
compositionsfandmoistureld¢ontent,@lsofhelpossibilityfor(SOx[¢apturewitheryhigh
efficiencybyladdingllimestoneldirectlylinthefurnace.l

[

O

2.3.1.6.0Cofiring[]

O
Cofiringmeans$imple[to-combustion[of(biofuels@s[@lsupplementaryJuelioltoallin]
existing[¢coaliredboilers.Thelinterestlinbiofuelcofiringlvarieslinldifferentl¢ountries.]
UsuallyCinterestlinCthisCmethodCofCbhiomassCutilizationCexistsCintountriesCwith Cvell
established[coalfiredCpowerlgeneration.[AlperfectlexamplelisCTUSA.[Research[and[
developmentlivorkLon[eofiringlhasbeenlgivenLalmostiotalpriorityin[(WSALamong[all(]
otherDiofuell@nergytilizationfechnologies(forbothBiomass@andMSW. I

[
Cofiringlin[¢oalliredboilerslisfhe[Simplestiinethodofbiofuellénergytilizationiwithout
investmentslin(hew@acilities.[Thislsits[ain[@attractiveness.[Directfeduction[of(CO,, [
SOx[andINOx[eémissions[danbe[achievedih[éxisting(powerlgenerationfacilities,Using]
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theICO [heutrality[features[bfCbiomass[andlitsCmuchllower[content[bf fuel-bound[]
sulphurfanditrogen.Moreover,[¢ofiringiharge-scalehigh-efficiencyldoal-fired[Steam[
cycleslincreasesltheléfficiencyloflbiomassiénergytilizationlitself([2.26].[]
However,[tautionlust[beakeno[VerifytheimitfiolWhich[toalltanbe$ubstituted]
withbiomasslin[aboilerldesignedspecificallyforl¢oal.Thishasbeenloneldffhenain]
topicsloflresearch@andleéxperimentalworkldoneldn(gofiring. I

O
INCUSA,[alhumberloffutilitiesChavelnstitutedLtommercialCcofiringlbperationsorChavel]
performedCtommerciallkcaleltofiringtestsCinCutilityCboilers.oTheselbperations[havell
coveredlihelmajority[offypesloffutilityboilersihatlare(éxpectingfobel¢tandidatesior]
cofiringZ[different[pulverized[¢oallinitsfand (FBinits.[Some[UStilities[foutinely[to-
fireOseveralOJhundredOthousandJtonsOofdbiomasseveryyear(wood,Igrassdand]
agriculturalOby-products).OTestsOhaveObeenOperformedmostlyOatCald10%wtCcoal
substitutionCby[biomass.Thel[significant[technical, JeconomicalCandCenvironmentalll
benefitsCassociated CwithCwoodkofiringChave CbeenCdemonstrated, Cachieving[1100%[]
boilerCeapacityldluringCtofiringlithCminimummpactlonboilerCéfficiency.[Mostlbf(ithel]
teststhave[beenlperformedatowevelslof[¢ofiring3-[4-5%wtbiomassioltoal.[2.3],0]
[2.57]0

Somelgeneralldonclusionslhavebeenlreached: ]
Forllow(levels[oflaofiring[(5-8%[biomass), Wood[¢anbeldombinedwith[doal[priorfoihel]
pulverizers.[AtCmediumOevels[{10-15%[biomass),[a[separate [(Wood[preparation[and]
deliverysystemUshouldbeOprovided, OwhileOboilerdoperationUis[basedJoncoall]
characteristics.[Atlinoderatelyhighevels[{25-50%[iomass), @ multifuel$ystem$uch
as[FBshouldbelised.[Atl¥eryhighllevels(50%biomasslandinore),alboilerldesigned
specificallyforbiomass[operationShouldbedsed(]R.3].O

il

CofiringCofCunprocessed[MSW U isChot[desiredlin[alcoal-fired[boiler.(IMSW [has[been[]
cofiredih(Some[éxtent@nlylintheform[of(RDF[R.50].[Of[dourse,[dofiringldfbiomass[orl]
coall{alsolgaseouslandliquidfuels)ihlaboileridesignedforMSWIis@lways[possible. [l
il
Strawltan[alsolbelto-fired[With[toal.(However,[thangesCmust[be[made[to[prevent]
foulingl@ndlquicklérosionloftheboilerSurfaces,duefolithelSpecificlashlcomposition[6f[]
straw.[After[Solvingfheselproblems,A[CHP[plantin(Denmarkhas[startedfo[Substitute]
morelthan(40%/[oflits[doalfuelwith[Straw@nd[dtherlagriculturalliesidues?.1],[2.57].]

O

CofiringlofChaturalCgasCasCalbupplementaryfueldinCMSW OncineratorstisCalfoutine]
processlinOmanylinstallations.dtfhas[beenifecognized, @hatiringCofChaturalCgasith[]
wastes[is[dneleéasywaylfolachievelcombustionl¢ontrol,lowerlevelslofldrganic@oxins
fromCOMSW!/ncineration,ChigherCboilerCperformanceCandCoadflexibility. CTwolbasic
conceptsChavelbeenl[tevised,[gasltofiringCandl[gasteburning.[BothCaimCmainlylatl]
reducingthegeneration[bf[toxicCtompoundsCandlotherCpollutanttémissionsOnMSWII
incineratorsCby[providing[suitable[conditionsCin[theboiler.CGas[kofiringChas[been
extensivelyCemployedlin[Europelandlislinfacttequiredlin[(GermanylaspartCof[the]
permitléonditionsforMSW/inhcineration.[R.36],[2.37],02.50]0

U
CofiringlhasConelmajorLdisadvantage.[Biomass[ashlis[mixed[With(ashfrom[toallor[]
wastesland[¢annotbeecirculatedackfolhature.[Returningiomassashback(fothe]
fields[anddorestslis[onelimportant[prerequisiteforteaching[Sustainability[df(biomassl]
productionfas(alfenewablelénergylSource.[]

O
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2.3.2.MWpgradingliolgaseousiuels]

l
Thelimethods[for[producing[gaseousfuels[out[bfCbiomassl[tanlbe[summarized[&as:[]
Gasification,Biogas[production{anaerobicldigestion)[@andMethanel$ynthesis.[]

O

l

2.3.2.1.[Gasification]

l
ProductionCbfClagaseousfuellbut[bfCalkolidfueldsCalwnell-knowntechnology.JANC
enormousUamountUofCresearchCandUOdevelopmentOworkOisCstillObeingUinvestedUin{
gasification[processlimprovement[and[tomponentldesignHorlalllkinds[of$olid[fuels.O
Thelfechnologylis[teadyforl¢ommerciallimplementation[&andinanyl[gasification(plants]
of(alliScaleslalreadyléxist@llloveriheiworld.[]9.9]0

l
BiomassOgasification[hasOsparkedever-increasingUinterestCJasalway[toOproducel]
gaseous[fuelloutlof[CO,-neutrallandfeadilyavailable awlinaterial,[bothin[developed
andldevelopingldountries.[Thelfechnologylis[putlihtolservicenainlylin[sSmallScale@nd
variousliypesloflgasifierldesignsihavebeenldeveloped.ltsladvantages(aremany.[First[]
of(all,@helpossibilityfolutilize iomassiwith highléfficiencylh[gasfurbines[andlinternal]
combustionlénginesimustlbementioned.Utilization[of[¢oallandbiomassatlveryhighl
electricalCandtotalCefficienciesCwith(D0GCCLis[expected,[Where[altombined[tyclelis
powered(sSolelybylalSolidiuel. I

[

Therel@relinanybooks, [publications[andlmaterialslon(gasification.[However,[tlisMot&[]
topicfortheCpresentLiterature OStudyCandCfor(Othe CresearchOprojectthatfollows. [
Moreover,[bnelof[themain(purposesloflihelpresenttesearchiprojectlisiolinvestigatel]
an[alternativetolgasification[by[showing[that[biomassl[energyltan[beltonverted[tol]
powerlin[an[easylWway[With[al$atisfactorylefficiencyWwithout[theliheedfor[altomplex[]
gasification[process.[]
Thelgasification(jprocesslluseslihe[partiallbxidation[oflcarbonioproducelow-heatingl]
value[tarbonCmonoxide[{CO)[gas.PartialCoxidation[of[tarbonto[COLbccurslatlhighl]
temperatureslin[extreme[SubstoichiometricCLtonditions.[TTheLtombustiblepart[of(thel
productgaslconsists[ofLcarbon[monoxide,[hydrogen[and[smalllamount[offmethane.[]
Duringliheprocess, @lcertain[quantitylofihel¢carbonlihlihe[fawfuells{ullydxidisedfo]
CO,[andOost.[MrheheatCof(fullCbxidation[to[ICO,[kupports[theprocess{ortanlbell
recovered[ifli'slin[éxcess),butlalpartofithefuellishotupgraded@ndlisiénergyldannot]
belutilizedlihn[@ldombined(gdyclelathighlefficiency.[Theléxactidomposition[ofthelproduct]
gaslandlisheatinglValueldependloniwhatKind[ofloxidizingmediumlissedZ3&ir,[pured
oxygenloristeam.[Air[gasificationlis[the[cheapestand[theinosticommoniwayfolgasify[]
biomass.Becauseloflthelargel@amountlofinitrogen(ih(air,[fthelproductigaslisidiluted[and]
has[alveryCow[heating[value,Jof(theCorderCof[(I5MJ/kg. [OPureJoxygenCorCsteam[]
gasification(produces(algasiwith[@heatingialueoflarounddrihorethan10MJ/kg.[]

O
Gasification[bfCbiomass[featureslseverallkignificantCproblemsthatChavehot[been[]
overcome[tolaulllextentlortequiretargelinvestmentsfor[additionallequipment.CAtL
typicallgasifierl¢onditions, fars@ndvolatile @lkali(are[generated.[Theylareharmfulfor[]
thelhot-gas-pathléquipmentlandleéspeciallyforgasiurbine®lading.Tarsihustbeeither(]
directlyurned[in[gasiurbine[¢ombustorsiwithoutl¢oolingfheproductgasbelowliheir]
dewOpointO(typicallyOabout1538°C[[2.3]), CorChot-gasCcleanupOsystemsOshould Obe
installed.[Hot-gas[tleanuplisCéxpensive[andlunreliable,Whiledirectlburning[tauses[]
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sootformation@ndldombustionlihstabilitieslihfurbine[dombustors.[Ifthe[productigasis]
generated[atlow[pressures@andiheeds[iobe[compressed,¢arelinustbefakenhotfol]
allowl¢ondensationlin[ihe[compressor.[5omelingredientslofiheproductlgasimaybel]
harmfullalsolfofheubricationoil. [Ammonialis[alsoformedlin[¢onsiderable[guantities.]
Itldauses[problemswith(handlinglandléombustion[offhelproductigas.9.9]0

l

GasificationCJofOMSW OproducesJawholeOcocktail DofCldangerousOsubstances, (Oboth
organicCandlinorganic,[thatCarepart[bf(theproduct[fas.[Manyl[bfl themare[toxic.[]
Reasonorhislishelinevitable[presencelofltertainCthemicall&lementsnMSW[{nol]
matterhowlwellltlis[Sorted)[@itherlas[poisonouschemicallwasteslorlasingredients[of[]
plastics.[Sophisticated[fas-scrubbingléquipmentnustbe isedif[a[MSW [productgas]
islfobedurnedlinlinternalléombustionléngineslorlgasurbines.[Anadditionalproblem
islthevariationlihMMSW dharacteristicsWwithfime. [
DirectLeombustion[ofLIMSW/is[io[be[preferredtolits[gasification.[Nevertheless,Chew[]
technologiesorlenergyutilizationromMMSW,[incorporating[pyrolysisand[gasification[]
processeslhavelbeenldeveloped.Twolsuchliechnologies[havebeenlimplementediinl]
commerciallplantslihn[Germany(4.14].0

il
InCgeneral,[thelgasification[processlis[éxpensive,[difficultito[tontrolCandLinstable[&t]
part-loads.[Thelexpectediveryhighlefficiencies[oflthe IGCClprovedibbeliechnicallyor]
economicallyhard[iblachieve.O

il

W

2.3.2.2.[Biogas]

[
Biogas[tonsistslmostlylof(methane{CH)(and[CO,.[Water[Vapour[and[somelobther[]
organiclandlhorganicldgaseous[substances(@rel@lsolpresentliniVariablelquantities.[CH,
content[teaches[60%v,[WhichCimakes[biogas[Valuable[forCalllkinds[bf[gaseousfuell]
applications,with[@heatingYalue@bouthalfihatlof(naturallgas.]

l
Thelproductionlof(biogaslis[@haturalbiologicallprocess.tlis@Tesultloffhelso-calledd
“anaerobicldigestion”[bf[brganiclubstanceslbyltertainCmicroorganisms.Anaerobicl]
digestionldccurslin[@anloxygen-freel@nvironment.[]
Aldontrolled[digestion[oflorganiciesidueslinfalieactionld¢ontainmentlofirariousldesignsl]
(digestertank)listheltorelbf[biogasCproduction.[Thelprocess[maintenancelitselflis[]
extremely($Simple3-fhelonlytequirementls[ihatlalsuitableHemperaturelistkeptlinfhe
digestervessellsolthat[the[microorganismsltanlthrive[andproducelat[theChighest
possiblelrate.Thelfechnologylisléasilylapplicable[at[@ll[Scales.BiogasproductionUnits[]
havebeenlusedSincellongimebothlihldeveloped@ndldevelopingdountries.]
Rawlmaterialsforbiogasiproductionlarelin[generallallkindsloflorganiclivastes,[$uchU
asCanimalCmanure,fesiduesfromslaughterhousesCand[food[processinglindustries,]
organiclsludgelandCmunicipalCsewage[Waters.[Best[productionrates[giveltesidues]
from[ishprocessinglihdustryl@andchickenorlGowlmanure.[R.55]0]

[
HardCivood[tanlalsolbelused[for[directCbiogasproductionl{biologicallgasification),l]
althoughwithIongerretentionfimeslihltheldigesteritessellandSmalleryields[]2.11]. 0

il

Theliostlcommonlyllised[disposallinethodforMSW oday, [dumpinglinlandfills, lslin
factlalmethoddorbiogasproduction.[Alhaturall&naerobicldigestionlofthelorganicpart]
of(thewastes[startslinside[fhelencapsulateddandfill,whichproduces[so-calledPlandfill ]
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gas”,lDwhichOhas[OCH4content[closeJtothat[of[Jdigester-producedllbiogas.[1Gas[]
productionlindandfillstasts[uisuallylaround[20years[]2.23].[Furthermore, [tilization [of[]
thelandfilllgaslis[to[bel[preferredtoljustlletting[the[gaslescapelinltheatmosphere,]
whichlalwayshappens(Slowlybutlihevitably,[if[thelgaslismotl¢ollected.disthighld¢ontent[
ofCmethaneadds[significantlytolthe[greenhouseleffectCandthepresencelof[btherd
organic[Substances[dausesbadl@dour@ndioxicitylinhelegion.2.19],[R.24]0

W

AttemptsChavelbeenCmadel[biogas[fromIMSW [dolbeldirectly[producedlin[&naerobicl]
digesters.[Thelprocesslisiechnicallyfand[&conomicallyViable,butfhas[provediolbell
unstable[@nd[ihelproductionhasbeenldomparativelylow.[2.6]0]

InCBweden, [tlhasbeenléstimatedihat[$ortingCfandChandlingCorganicCMSW Oorldirect]
biogas[productionlihvolvesihigher@xpenseslihanievenuesrom@cquiredproducts,Sol]
thelefforts[aremotjustified2.13].00

Il

MorelinformationCon[biogas, dandfilllhas[andChaturallgascomposition[andproperties]
canlbeloundlin[Svenskt[Gastekniskt[Center's[teportslandlihelteferenceslihereafter]
(forlexampleR2.52]).0

Il

[

2.3.2.3.Methane[$ynthesis(]

[
Thelsynthesis[oflinethanelinvolves(ihelsol¢alled™methanationlieaction’F[al¢hemicalll
reactionbetweenl[tarbonionoxidelandydrogen{with(thelhelplof(al¢atalyst)foform
gaseous(methane. [l
Theldveralllprocess[startswith[oxygen-blown[gasification[offthefawlrnhaterial [{thelSolid[]
fuel).[ThelproductlgaslisfalhighlénergyValuemixture[0f(CO,[CO,,H,,vaterVapoursl]
andsmalldracesloflotherlélements.[Thelliselof[(pureldxygenorlgasification(énsures]
nolpresencelofnitrogen.Thenltheproductigasimustbelénrichedwith[hydrogen(foihe
requirednolarfatio[CO/H,[{orthe inethanationeactionfoproceed.[Oneléasyvay[of[]
producingChydrogenCout[bf(ICOUlis[thel[standard[Ywater-shift’[feaction3-Calthemicall]
reactionbetween[CO@RAndWaterNapours[atldertainldonditions,WhichproduceCO,[@ndC]
pureM,.[Algertain[partloflthe[COlhhe[productigaslisiusedfoproduceH,.[]

W

water-shiftfeaction: Il COGEH,OIE>ICO, &M,

W
Thelgas[hfter[theOwater-shiftCreactionCs[strippedCbut[bf(the[ICO,and[fed[tolthel]
methanationfeactoriVessel,Wherelonlthe[surfaceloflihel¢atalysthe[COAndH,[feact]
to[(formOCH,[CandCvater.[TheCH4nis[scrubbedlout, [driedCand fedtolalpipelineCor[]
storage.OtlsCalmostCpureCmethane{withConlyCsmalllmpurities) Candlits[LHVOs[very
closelibfhatlofnaturalldas.

O

methanationlfeaction:l ~ CORFBH,[IE>ICH,=H,OF heatd

W

Thelprocesslis[domplicated, butfheleéquipment@nddeactionslihvolved(arewell-studied]
andldevelopedland(are(fechnicallyfieasiblelinlihdustriallScales.[TheléconomicsofiSuchl]
alprocesslarellincertain, butliffal¢cheapiawliateriallislised[and[aAlstable tnarketivith]
good[pricesforlthefinalCproductlis[available,[thelbveralllprocessltanlbelVery[well(]
economicallyfjustified.[Theldverall@fficiencylofldonversionlislow, Butfhefesultantfinall
productlisalhigh-gradelfuel,whichl¢anbe [wtilizedwith[ahighlefficiencyfor@lllénergy]
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purposes.[Allarge-scalelpilotCplantCproducing[$yntheticlmethanedromltoallhas[been(]
build@ndOperatediwith[dood[économylih[WSAID.8].0]

O

W

2.3.3.UpgradingfodiquidfuelsO

W

ProducingliquidfuelsoutlofiSolid[oneshas@lwaysbeenlan(@ttractivedesearchlarea.]
Liquidduelslareperfectorlallltombustion[@pplications,[butlmostlof(alllas[an[énergy]
sourceldordransportation{betterlénergy-per-volumelandl[&nergy-per-massltatio,[€asyl]
handlingCandCstorage)land[tonsequentlylare[itheimostléxpensivelones.[Methodsor]
upgradingCbiomassUorCicoal(todliquidCfuelsOdoOexistOandOare(technically(feasible, [
althoughlin[generalnotléconomicallyfeasiblelyet.[Theselmethodslarefegardedasihel]
futurewayforhumankindfoSupplyltselfiwith[high-grade fuelsfrombiomass@nddoal,]
after[tesourceslbflbilCand[haturalCgasCareexhaustedandCeconomicslbf[solid[fuell
liquefactionlare[morefavourable.l
Thebasiclfesearchlandldevelopmentiworklonl¢oallandbiomasslliquefactioniinethods]
has[beenlperformediniheirstlhalffofihe (20™century, (betweenlandduringhefwol
worldlwars.[Thatlwas@hedime[of(bigladvances[andléxpansionlinlindustriallchemistry[]
andihel¢onditionsiwereipeforthedirstlquestor@lternative fuelsfofakeplace.[Thell
second[peakloflinterestlinlliquefiedtoalland[biomasslbccurredafter[theloilCprices]
sharplySoared(ihthe[1970-ies.Nowadays,[@partdfrom(ihehecessity[ofloil[Substitution,]
environmentallconsiderations[playaleading[folelin(theattemptsiolutilize biomasshn[]
theformofliquidfransportationfuel.
BiomassUiquefaction[processesltan[belgenerally[dividedlinto[thermochemicalCand
biological.[Thelthermochemicallprocessesldescribedbrieflyihfhis[Subsection{orparts]
of(them)Carewidelylusedlin[the[chemicallindustryfor[productionlof[€ertainforganicll
gaseslandliquids.[Theyl@relpartlofltheStandardlérganicléhemicallSynthesis.

il

[

2.3.3.1.(Fastlpyrolysis[]

W

Fastlpyrolysisiéanbelregardedlas(iheSimplestioffallibiomassliquefactionimethods.]
Thelprocesslresemblesihelwell-knownwoodpyrolysisforiproductionlofiédharcoal.[Fast[]
pyrolysisCincorporatesCheatinglof(thelfrawfeedstocklin(the[Absenceloflair(atfalvery
quick[rate[{as[the[hamelsuggests)Cand[under[alspecialliemperaturetegimelupltol]
around500°C.0TheOstressOduringCfastCpyrolysisUis OputConCOextraction JofClorganic]
substances(frombiomassl(ihvolatile[form.[Thelfesiduesfromlihelprocesslarelchar@nd]
non-condensablelgases,Whichldan(stillbeWtilized[as[{fuels[@and[areisuallytsediwithin(
thelpyrolysisiprocess(foriheating.]
InCthe[commonslowlpyrolysisCprocessproductionCof[charcoal),[ thetemperature]
regimelis[Suchihathtlhaximisesiheld¢harproductionBySimplyldevolatilizingfhewood. I
Duringastlpyrolysis,thellongCthainslof[tarbonlmoleculeslinthebiomassistructure]
crackldown[@nd[dertain[partloftheldrganiclSubstancesindergolchemicallchanges,arel]
volatilised[@ndléntrainedlintofheproductlgas.[Alvery[smalllquantity[of(thefeedstockl]
endsCuplaslresidualCthar.C0TheOmainCproduct, [calledd'bio-oil"Corpyrolysistoil”, [is
obtainedlihyields[ofupoB0%wtonldryfeedbasis.
Thelproductlgas(afterihelpyrolysislisfapidlyldooled@ndlidondensed.Thelfinall(product,]
condensedpyrolysis-oil,s[@ldarkbrowniquid With Wiscosity[¢tlose[fofhatlof(medium
fuellbillandOessthanChalfCofOtsCLHV.OtOs[tomposedbfLborganic[substances[vith[]
complexnolecules,Whichareliniquidphase@timormalfemperatures, (butlhon-stable[]
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atlhigheriemperatures[{ittéannotlbeldistilled).[Pyrolysis-oilldloes[hot[teadily[mix[Wwith[]
fossilllhydrocarbon(iuels.ts[elemental$tructure[and[LHV [are[¢losefolihat[ofThe awl]
biomass, With[oxygenldontentaround(40%.[R.8][(R.15][(r.33]1

l
Fastpyrolysislsk[easyfolimplement@tlany[scale@ndlis[dne[of[fhe[Mmost&fficientlof(all]
biomass[¢onversionprocesses.[Thelquality[of(the bio-oil(howeverlmakesituinsuitable
forfransportationfuel@pplications.[]
Pyrolysisloill¢anbeldirectlylutilizedlin[Stationaryldiesels[orlas[boilerfandgasfurbine]
fuel.[Gas[furbinel¢ombustors[havebeenfestedon[Suchbio-oils@ndihelfesults(have
beenléncouraging,(howeveriSpeciall@rrangementslaremecessaryiol@accommodatelthel]
verylhighQliscositylofthefuelR.32].0

il
Post-treatmentLof[pyrolysisCoilltan[belimplementedforlits[iransformationlintoChigh-
qualityChydrocarbons.[Onel$uchprocesslis[the[hydrodeoxygenationiThydrocrackingl]
withChydrogenChas[{onLtatalyst[surface)forCoxygenliremovalCandCmolecularfiveight[]
reduction,Which[yields[dasoline-rangeydrocarbons.[[2.17]0
AnotherloptionHorldirect[productionofhigh-qualityhydrocarbonsdromipyrolysislsiol]
performlihelpyrolysis(processluinderpressurelinlhydrogen@tmospherewithldispersed]
catalystl(hydropyrolysis).[[2.49]0
Experiments[havelbeeninade[alsolwith[almixed[gasification-pyrolysis(process(forthel]
productionloflhighlenergy¥alue lowmolecularfiveightlgases[andiquids, fogetherwith[]
activatedl¢arbonl@sl¢haresidue.[Theprocesslis[performedlin[@eactive[atmospherel]
of(Steamland[éarbon(dioxide[drlihlihert@rgon@tmospherel]2.41].00

W

[

2.3.3.2.[%olvolysis

[

Solvolysis,Hollowed[by[tatalyticChydrotreatment, lisCanotherthermochemicalCmethod, ]
aimingCat[thedirectCproductionofCdiquid ChydrocarbonsCofChigherCguality(thanthe
pyrolysis[oil.CThe[Jsolvolysis[processlcomprisessimpledissolving ofCthe DwoodOin{d
acidified[organicl$olvents, [at[¢ertainemperature@ndpressure.[Afterthatfhelsolvent
isCévaporatedlunderlYacuumlandtecycled.[Water[gjenerated[during[the$olvolysislis]
alsolevaporated.[Thel$olvolysis[productlis[Very[Viscous[andChas[oxygenl[tontent[of[]
about[22%.[tls[then[SubjectedioltatalyticChydrotreatment{hydrodeoxygenation)atl]
about[B50°-370°Clunder[pressurisedhydrogenlfasatmosphere.Theinal(productls]
composedobfCalmixture[bfChydrocarbonsCith[veryowlbxygenltontent,[the[heavy[]
fractions[prevailing.2.48]0

l
Wood[Solvolysislisused[alsoforproduction[ofichemicalfeedstock@ndas@movelpulp]
extractioniethod.[Ligninlemains[as(alfesidue.[Hydrocrackingloflesidualligninfrom
solvolysistandpulpmillsfis[possible,Which[¢anproduce Waluablehydrocarbonsdrom]
residues(ofllarge-scalelindustries2.56].10

O

[

2.3.3.3.[Methanolproduction(]

[
MethanolCtanbel[produceddrombiomassiWwithalthermochemicallprocesssimilartol]
thatOofCJmethaneJsynthesis,[JmentionedJabove.[IMethanolUisOtheOlightestalcohol, [
poisonousorihelorganicissues.Otls[Anlmportant(fawlmaterialformanylindustrial]
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chemicallCjprocessesandlitsCproductionfromfossilCfuelsCorCbiomassisOalwidely (]
employedimethod. D
Iflbiomasslis[gasifiedin[anloxygen-blownieactorlandthen(partlofthe[COlis[donvertedl]
to[H,[by[Wwater-shiftlfeaction,thefesultantCmixture{afterCscrubbinglawaylimpurities)[]
canlbelforcedllinderl¢ertainf¢onditions[{andith(fthehelploflal¢atalyst) Hollindergo@
conversionlibhethanol,[CH3;OH.[Thisls@notherypicalléxamplelofdorganic[Synthesis. I
W

methanol8ynthesis: [ COF2H,[E>[CH3;OHF heat]

W W O O CO,FBH,[E>MCH;0OHEF MO (heat[]

l
IfChydrogendromCadditionalCsourcelis[addedioltheprocess,[solthatCtarbonlisChot[]
sacrificedfo[producelliydrogen,fhelhethanolyieldWwilllbemorelthanldoubled.[2.16]0]

O
MethanollseadilylapplicablelasiuelforICE[Andlnh[anylotherl@ombustion[processes.]
Becauseloffthelpresencelofl@anloxygenlatomihlisinolecule,itsIlHV[periassandper]
volumelsowerlfhanhatlof(the[¢commonfossilliquid{uels.(However,fhelcombustion]
of[@alcoholslinCgeneral[{methanollandlethanol)(émitsdewerpollutantsihananylotherd
liquidfuel.[ThelthermalléfficiencyloflénginesburninglalcoholslisSlightlylhigherihanfor]
standardfuels.[CombustionLof[purelalcoholltequiresCmodification[of(the[&ngine, (but]
mixtureloflgasolinelwith[Smalllpercentageloflalcoholldanbelreadilylutilizedih[Standardl]
carléngines.[]

i
Furthermore,CimethanolCmolecules[tan[belforcedtolfeact[WwithCeachlobther,[formingl]
ethers,[outloffwhichlsynthetic[gasoline[and[anylhydrocarbons[¢tanbelproduced.[Thell
processlis[complicated,butlits[chemistrylis[well-studied[andfeadyfobelimplemented]
onlindustrial(scale.CIn[fact,[lallarge-scale[tommercialCplantCfor[syntheticClgasoline
productionloutloffmaturallgashaseenl¢onstructedlin(New[Zealand.[An[offshore(field
suppliesfawlnhaturallgas(iolthe[plant,(Whichlis[Steam-reformedibproduce[COAndH,,[]
fromOwhichOmethanolOisOsynthesised.[0ThenOgasolineis[OsynthesisedDoutCof(Othe
methanol.[Another[SmalleriplanthasbeenBuiltih[Germany.[[D.3]0

W

U

2.3.3.4.Ethanolproduction(]

D
Methanel@ndinethanoll8ynthesislihvolvelforced[¢hemicallfeactions[foldonvertldrganicll
productslintolinorganiclCbnes[{gasification)landthenbacklinto[hewl[brganic[lones[]
throughCcomplexCconversionOprocesses.[EthanolCcanCalsobedsynthesised Dout[Jof[]
inorganiclSubstances,theoretically.[]

W
InSharpldontrastiwith[Syntheticlinethods,@éthanolld¢anbelproducedbylalpurelymatural]
biologicalCprocess3-[fermentation.[Justike[the[anaerobicldigestion,[fermentation[is[]
oneloflthebasiclbiologicallprocesseslinnature,whichlsiheesultfromihelifeldycle[0f]
tinylmicroorganisms.[dnfwaterCmediumandCpresencelof[air[{aerobiclprocess),thesel]
microorgaismslLtonvert[thel[sugarsCorstarch[{complex[sugars)[tontainedlin[tertainl]
plantslintoalcohols,dissolvedUinthe Owater.CInCthe Omixture CofCalcohols, Cethanol
(C.HsOH)sfhelmainiproduct,butiSmalli@mountlofiihethanol{andpossibly@lsohigher
alcohols)lis@lsolpresent. Il
Thelprocessloflfermentationisiwell-knownfohumankind(Sincelfheldawn[ofdivilization.[
Not[anylbrganicCmatterChowever[€anlundergofermentation.(dtCmustLcontain[sugars.[]
Afterfermentationis[6omplete[{after(alliSugarlis[donsumedbythelthicroorganisms)thell
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productimustbelseparatedloutloflitsWwater(solutionbylcertainiethods.[Alcoholsmix[]
withlwaterreelylin[@anyratioland@ldistillationprocessimustbe[lisedfolSeparatefhem.]
Distillationlis[alsoAlvell-knownl[process. [tls[highlylénergylconsuminghowever,[and[]
decreases(iheloverallléfficiencylof[éthanoll@nergyldonversion.[]

O
Apart@rombeingihelimportantlconstituentloflalllalcoholictbeverages, [&thanollis&lsol]
importantimaterialforfheléhemicallihdustry.llarge[@dommercial[plantsforproduction[of]
industrialléthanolCéxistlintmany[places.[ThelfawlinaterialsLareUsually(tesiduesFrom]
thelSugarléxtractionihdustrylor@nyRind[ofldereals{grain).l
Like[methanol,[@éthanolis@high-qualityfuel.[Mixedwith[gasolinelin[Smalltatios, [it[éan
belutilizedlin[gasolineCengines[WithoutCanymodifications[{solLcalledfgasohol’[Fuel),
leadinglibess[pollutantlémissions.[lt[@lsolihcreasesliheldctanemumberldflgasoline.]
AlcoholsCtanbeleasily[burnedlin[gasiurbine[combustors.[Drydow-NOx[combustion[]
chambers[tan[probablybeldesigneddoralcoholsWithHewerldifficultiesthanfor[any[]
otherfliquidfuel.O

W

Alpointiivorthfentioninglisihelethanolduellprogramn[Brazil.(Bincemany[years, &[]
large[partCofCharvestedsugar[canelin[Brazillislusedfor[&thanolproductionithroughl]
fermentation.[Of[¢ourse,fheprocesseéconomyldependslonlinternational$ugarlprices]
and[tertain[governmental(subsidies.[ThelbveralllresultlisOerypromising,[Brazilianl]
ethanolfuelCprogramChas[beenhighlysuccessful.CdtsCmainCincentivesChave[been[]
reducingiheldependencelonlimportedloillanddindinglan[alternative market{orsugarl]
canelloverproduction,dbutitChasCprovedCthatCaCrenewableddomesticCfuelCcanbe
producedlandlCusedlonlargelscalelinCanCeconomicallyliable[Wway.[Altonsiderablel]
percentagelofltheléntirelight-vehiclefleetihBrazilliunslonléthanol.[Consequently, fhis[]
has(fesultedlin[ahugelpositivelimpactlonihelénvironment[and[isthelonlyléxamplelfor[]
alWidespreadluseofbiofuelsforfransportationlintheworldfoday. 2.4 3]0

[
Ethanoll¢canbelproducedalsofromhardwoodiomass,eitheriWwith[@fhermochemicalll
processU(acidlhydrolysis)OorOwithOallbiologicalJprocessI(enzymaticCJhydrolysis).[
HydrolysisChas[the[purposeltolbreakdown[the[tomplexCmolecules[bfltelluloselinl]
biomassU(decompositionCintoCfragments)JandChydrolyse OthemUintoOsugarst(sugarl]
syrup),lWhich¢anbel$ubjected3ubsequentlyfofermentation[and[ethanolléxtraction,]
as[describedUabove.OAcidUhydrolysistUisOalwell-developedUmethod, ObutCproducest
pollutingleffluentsfandhaslbwlefficiency@ndhigh[dosts. N
EnzymaticChydrolysis[{bacterialChydrolysis)CisCalpurelyhiologicalCbrocessandlis[all
comparativelyChewlCmethod, [ktillCunderCdevelopment.[0Theprocess[startsCwith[pre-
treatmentUofJtheObiomassOparticles,HinCorderUtoCfacilitate HeasierdJaccessUofOthe
microorganismslioltheltellulose.[Pre-treatmentCmethods[€an[besummarizedunderl]
thedollowing[hames:[alkalineaceration,[$teaml&xplosion,(ammonialiiber[&xplosion]
and[autohydrolysis.[Lignin@ndhemicellulose-derivedsugars[arelmotfermentable@nd]
can[belburnedlorSoldAasi¢chemicallfeedstock.MSW[¢anlalsolbeliquefiedinthisiway.]
Pre-treatment[andlespecially[the[productionCoffénzymes[(bacterialCtultures)[arelthel]
mostlénergyldéonsuminglandlexpensivelsub-processes, Whichhinderihe@pplication[of[]
theOmethod[bther[thanCbnCexperimental[scale.Finding[effective[and(theaperlpre-
treatmentfandCenzymel[productionCmethods[WillLmakelimicrobiologicalOiquefactionCof(]
biomass[alNiable@lternative.[[2.62],[[2.54],[2.14],[2.20]C

O
InCBweden,[fhel¢osts[HorlethanolproductionWith[anylmethod[and[taw(feedstocklarel]
estimated[io[belhigherlthanthat[forCmethanol.[Thelteduction[6f(CO,[emissions[by[]
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usingkethanolCas[transportationfuelsubstituteCisClower[than[that[bbtainable from[]
methanoll[R2.22][(seel@lsolSection(2.4.).1

O

l

2.3.3.5.MPlant(Oils[(Vegetable[Dils)[]

l
Plant[oils[{vegetableloils)[arelimportantpartloffourfood3upplies.[Theylarehaturally]
producedibylmanyplantslandlsimpleléxtractionmethods[{pressinglorleachingWith[]
solvents)@are(Sufficientforheirlproduction.l

l
PlantloilsCareperfectuels.[TheirheatingWaluelis[only$lightlydess@hanihatlof[fossil]
liquidffuels.[Theylcan[belburnedWithoutlanylmodificationslin[boilersLorlgas[turbine]
combustorsddesigneddfordheavyfossildoilO0fuels.OWithOslightdO modifications[ (tod
accommodatedhelhigherlviscositylof(plantlails),[dieselICE[canldirectlyuitilize fThemlas[
transportationfuels.[Thel[&AbilityLofCdiesellengines[tolbperatebn[Vegetable[bils[Was(]
suggestedbyRudolf(DieselhimselfR.12].10
After[tertain[processing{trans-esterification[With[thehelpLofCmethanol,todowerthel]
viscositylandpush[combustion[tharacteristicstloserdoihatlofldieselHuel),[plantloils[]
canlbeltransformedlintoCmethyl-esters,which[tandirectly[beLisedCas[dieselfuell
without[@nylénginehodifications.[PlantloilsimixWith[hydrocarbons[ih@nylratio.]
Productionlof(plantloilsforfuellliselis[éxpensive.[Theylare@lsolalfawlmaterialforthel]
food[processing,[tosmeticCandlbtherthemicallindustries.[However,[f(tegardedAs(]
agriculturallfesiduesWwhoselproductionlis[higherihanihedood@ndlindustriallmarket[]
consumes,[fheyltanbeltheapl&énoughliolbellised@séngineuels.[5uchlislihel¢tasel]
with(tapeseedloillin(NorthernEurope, WhichlinCmany[taseslis[tonsidered[@ltesiduel]
from[thelproductionlofiprotein-rich[fodder{orivestock]2.61].0]

[

il

2.3.3.6.[Blurries[{suspensions)6fisolidfuelsiihiwater(or[Oil[]

U
Attempts(iofransformSolid[fuelslintodiquidfuelsbySimplelpulverizinglandmixingwvith[]
waterldate (backdothelendoffhe 19" [¢entury.[Rudolf(Dieselhimselfthas[Stated hatC]
coal-water[Slurryldouldelalpossible@lternative foriselihfhismewly-inventedéngine.[]
AlotloflresearchWvorkCandlexperimentaltestsChavebeen[performedlonlLcoal-water[]
slurries[as[fuelsforlboilersCandCdiesellengines.[ResultsChavebeen[generallyCquite]
positive][5.22],[[5.15].C0CombustionCtestsOwith[biomass-waterCemulsionsJas[fuels[]
howeverlhavenotbeeneported.Woodlismoredifficultiblpulverize[andhandlelduelfo]
itsibrousistructurelandhighvolatility[({easyflammability).[Also, iomassheatingyalue
isffoodowdol&nsurel$table[combustionlifthumiditylsChigh, (butlhas[ihe [Advantage [of[]
lowerCashCandOowerCsulphurCtontentlthanCtoal.[SlurriesCofl[agriculturalproductsiin
water(Jhave[beenOsuggested][2.44].C0SlurriesOofOcharCinCOwaterOmayChavedgood]
combustionl[éharacteristics,ButolSuchléxperimentslarefeported. I

O
Suspensionlofiioodpowderlihlaillis[ainoreViable[alternative.Forléxample,@mixture]
ofCwoodUparticlesCwith[dieselCorCkerosene[has[been[suggested(]2.4].C.The[woodU
particles[havellbeenl[pre-treatedlin[&l$peciallprocessioriWwashing,[autohydrolysisand ]
drying.[Care[mustlbeltakentolprevent[settlingLoflthelparticleslif(Slurrieslaretolbel]
storedforong[time,[Which[tequires[tonstantlstirringCorstabilization[Wwithadditives. [
SlurryuelstofltesidualUigninCfromCpulpCimillsCinFuelCoilCand vaterChave[Also[beenl]
suggested([]2.47].0SuspensionCof(dcharCinCpyrolysisCoil (X bothCproductsCofChiomass
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pyrolysisCprocess),[With[presencelbfCheavy[fossilfuellobil,[has[beenltestedlin[boiler[]
combustors.[ThelproductionofiSlurryfuelfromRDFhasbeenldevised@ndldombustion]
experimentsiwithlitthavebeenlperformedlasidofiringlin[doal-firedboilers]2.39].[]

O

O

2.4.[BiofuellHandlingland[Preparation.[life[CyclelAnalysis.[

l
Onelbf(the[mainlissueslin[biomassenergytechnologieslisfuelChandling.OThisCis[
connected[tollsomeltypicalfeatures[ofCbiomassCproductionCandCutilization(~Chon-
concentratedresourcelbase,intermittentCjproduction,transportationdistances, fuelld
processingdifficultiesi@ndproblemswithfuellStorage.[]

0
Biomass([tesourceslareldistributedloverdargedland[@&reaslandiheirl¢ollectionForFuel ]
uselis[abourCandpowerCdemanding.OTransportationCisCalkriticalCpartCof(the (fuel
management.[Thelsame[@pplies(alsofoMSW.[Althoughbeingl¢ollected[onlyihlurban
areas,[MSW [TollectionCivehicles[travelCdongdistancelin[orderto[deliverCalkertaind
amountofénergy,[domparedobulkiransportation[ofld¢oalforléxample.O
Havinglihthind[alsofhedbwpowerldensitylofbiomass(fuels{lowldalorificivaluepernit[]
massland[perunittvolume)@ndlonghaulageldistances[{especially{orforestiesidue-
suppliedargepowerplants),fhelpowerlinputforfransportation@ndihelproblems@nd
uncertaintiesfassociatedwith(fuel[deliveryChave[beenladdressedlin[Various[studies,]
both[économicl@ndfechnical.[Extendingfhel@nalysisfolaccommodatealllénergylinhput]
forfpower[plantf¢onstruction@ndlmaintenancel{with(possible[demolitionlinfhe&éndof]
service)[andWwastel[disposallleadsiolthe[$o-calledTlife[tycle[analysis’[orTlife[tycled
approach’lorOlifel¢ycle[@ssessment”.[Thelain(stresslin[such[@nalysislis[onihefact[]
thatfalllpowerlinputforbiomass(fuelldeliverylandutility[¢onstructionlisbasedonfossil[]
fuels.[This[ofl¢ourselasks(for@lthoroughlinvestigation[ofthe@ctualléxtentoiwhich, For]
example,[biomassClutilizationCasOenergysourcedreducesCpollutantCemissionsC(net
emissionslteduction).[OrlnsimpleWords,linvestigationlisChecessarylin[orderiofind]
outhowluchloffheiomass-basedl@nergyproductionlisreallybasedonbiomass.l

il
This[has[beenl[theltopicCofChumerouslstudies,teportsCandpublications.[Several Cbf(]
themCharelincludedlinthelreferencellist.CInCyeneral,[thektudies[havellead(tolthell
conclusionihatiomasslutilizationdorCénergypurposesleuts[CO,[émissions[tloselfol]
100%,althoughlestimationsloffossilfuellinputdorLeomponentlproductionCandCutility]
constructionlare Wery[difficulto[perform[andldatalis(farelylaccurate.Fossilfuellinput
forCransportationChas[been[foundiolbelalhegligible[part[bf(theenergylvaluebfl]
biomass, [oflthelorderlof[Severalpercent,fhoughl@anlimportantpartlof(biomass[dost.In]
preciselfigures,fbssillénergylihputforbiofuellfransportationlis[generallylarounddrless]
thanCB%[of[ihelénergyvalue[bf[ihebiofuel,lhiledransportation[¢osts[correspondiol]
around25%lofltheldostlofltheDiofuel,[deliveredatthelénd-user(Site.[]
Onelinterestinglobjectlof(profound$tudies[@relihel&nergyltrops,inspiredbylgrowing
expectations[ihatleropsigrown[s$pecificallyforfuel-useilllincreaseliniheduture. tlis ]
expectedthat[yieldsCillCgrowCandtheCinputCbfCenergyCwillCbe CoweredCwith[(Xime. [
Currently,[thelinputCbffossil(fuelsCandkenergylin[generallintotheproductionCand]
harvestingloflénergylcropslisthigh{dependinglonfhelypelofferops),higherihanihel
transportationleénergyl{unlessldistanceslareong),butlstilllin[thedrderloflonlySeveralll
percentloflthel&nergylavailablelinthelbiomass[produced.[Mostloflthelife-cycle[andl]
transportation(studies(areldevoted[folénergylerops,including@lsoforestfesiduesand]
agriculturalesidueslaslalcomparison.[Energylinputlis[éxpectedfolsteadily[decreasel]
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withlincreasingleéfficiencylof(vehicle[éngines@nd[better($olutionfollogisticl¢hallenges.l]
[2.9],02.10],02.22],02.18],[[2.2],[[2.5],(2.40],02.51],02.58],[[9.6].C]
O

[
Table[2.3:[Estimated[@nergylyields, [@nergylihputs@ndneténergy[yieldsforénergyléropsiand]
loggingMesiduesiih(Bweden{adaptedfrom(]R.22],(1995)1

0
Biomassl(iesourcel] EnergyyieldO Energylihputd Netlénergylyieldd
MWh/ha,yeard | MWh/ha,yearl] MWh/ha,year]
Rapeseed[] 180 3.50 150
Winteriwheat, [graind 210 3.40 180
Reed[danary-grass{] 300 2.30 280
Lucernel] 320 1.80 300
Salix[{short[rotation[goppice)] 420 1.60 400
Strawfrom[{ood[production] 20 0.170 1.80
Logging[fesidues] 1.10 0.040 1.10
O
0
l
) 0
T otal dis charge of CO2-equivalents 0
kg C02/GJ

Fig.[2.10:[Totalldischargeof(CO,[peruinit[]
energyl fromO several biomass-derived
fuels,[tomparediothreeCmostCcommon(d
fossill(fuels.[Biomass[fuelsChave[holhetd
CO,[émissions, (butlénergylinput{oriheir
productionCeanbelhigh.CEnergylnputfor(
fossilfuellproductionlis@lsoigh. D
Ethanol1CisCproducedUfromCgrain, Cwith[d
fossillfuellinput.[EthanolRs[derivedfromO
. : ; forestltesidues,With[&nergylnputLonlyOnd
Netud Qi Cod Forest Willows Ethandl Ethand Rope thelformlofiwasteheat. D

Gos Fuel ‘ 2 *Decreasedl forestd growth canl] bel
WFuel netBO0Z-equin  ODececsed counteractedObyfertilization.OReturndof
produclionetc  forest growh” asheslis[@lsolfecommended.[{from(R.5])00

[

D
Itthas[beenléstimateddhatossil(Huelliseorbiomassproduction,dransportation[and]
facilitiesL¢onstruction[¢ontributesfaround5%ofhedotal[CO,[émissionsdromalgiven
biomass[powerlunit.[Thisfeads[io[the[tonclusionihatlbiomass[utilizationdorl&nergy[]
purposesiprovides@5%Inetreductiondf[CO,[@missions(]2.40].0]
Energylihputforbiomass(iransportationbyfrucklin(Swedishldonditionslis[éstimatedfo[]
bel@round1.4MJHonkm™(2.9],02.10]{1996). 00

0
Other[Studies[havebeenldevotedfolihe[so-called[¥sociall¢osts[dflincreasediomass]
use,or[todthenecessarylresourcelbase[management,if(largerCbiomassCenergy]
utilizationhave fobelimplementedlinthefuture.(Exampleslare]2.42],(J2.63].[Careful
estimationlof(ihepracticalfeasibility(df(biomass(fuelldeliverylisoften[overlooked.[This[
isCalverylimportantlissue,lespeciallylin(the[taselbf(largeltentralized[powerplants.]
Underestimatinglthelproblems[édan(resultihiirongldonclusionsiandfalselplanning. Il

l
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Fig.2.11:Reductiondf(CO,[@missions[@anddostsforfhiseductioniihenlgasolinelhdight-duty
vehicleslis[feplacedbybiomass-deriveddransportationfuelsin(Sweden.[Thelby-products(are]
alsoluisedforénergypurposes,fogetheriwith(Strawfromiwvheat.I{from]2.22],[1995)0
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W
Fig.2.12:Reductiondf[CO,[émissions[and[dostsHorihiseductioniivhenldieselliheavy-duty
vehicleslsfeplacedbyiomass-deriveddransportationfuelsihBweden.Thelby-productsiared
alsolused(forleénergypurposes,ibgetheriwith(Strawfromiwheat.I{from(2.22],[1995)0]

O

W
Storagelof[biomasslisfanother(criticallissue.[Usually[biofuelsChavetolbelstoredforl]
certain(periods[beforeburninglthem,$ometimesLquitedong.Biomass[properties[tanl]
changeldonsiderablylwith[fime,dependinglonlihel¢onditionslandihelihitial[Stage.[Twoll
important[properties[ofibiomassiéanléhangelduring[storageZ-lisimoisturel¢ontent(and]
itstheatingWalue.[Aslwas(already[pointedloutlinprevious[sections,inoisture[adversely]
affects[ithelheating[Value[bf(fuels.[Storagelbf(biomassfor[altertaintimelleadstolall
decreaselbflitsCmoistureLtontent,[evenlifLitlis[placedbutlin[the[bpen.[Decreasingl]
moistureldontentimeanslihcreasingIlHVI[of[the[Stored[fuel.
However,[placinglivetbiomasslin[alpile[causeslanother[problem.[Wood,being[aiawl]
organicCmaterial,[supportsCfungalCgrowthConlitsCsurfaceCandCemitsCspongesCinlthel]
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atmosphere,Cwhich[deterioratelits[propertiesCandcancauselhealthChazards.[OThel]
microbiologicalCactivity[dissipatesheat[{orlinCbther[vords,transformssomel[bf(thel]
energylof(lthe[lwoodllintoCllow-temperature[Junusableheat).[1This[Jheating[Jprocess[]
proceedsliogetherWith[gradualslowldevolatilization[odfliood, Whichltauses[altisk[of[]
firelinfhepile.[$elf-ignitionlih[Storedpilesldfiomass({alsoldoal)lis[possible.]

W
Many[studies[havebeenldevotedfol¢hangelofl¢characteristics[@nd{oproblems[arising]
duringlwoodluellstorage,[@speciallylinbulkpiles.Inlgeneral,nicrobiological@ctivityih[]
thelpilelincreaseslitslfemperature[@andWwastestheénergyldontentldffheiomass,While]
moistureldecreasesWith[fime[folal¢ertain(steadyValue.[Thesel[processesldependlon]
thelypeloflbiomass[andlonihelsize[of(the[particles3-[the$mallerihelparticles,ihel]
higher(thelfate.[Thel¢combinedleéffectldftheselprocesseslleads(iolincreaselinthelLHV[
of @Minitimassoffuel{duedoldryinglout), Butfhe {otall@nergyldontentofltheStoredpiled
decreases[{duelio[thelossl[bflmass[andlenergylbylmicrobiologicalltonversionand
devolatilization).Ifltheseleéffects[Ganbeneglected@ndriskoffirelis[diminished,0utside]
storagelofBiomasslis[possiblelandlsoften(attempted.[R.59],[02.30],[]2.35],(2.34]0

O

MSW [nustlhotbelstored{ordongimelinitheldpen.[Apart@romeémittingbadddour, [it[]
sustains[microbiologicalCprocesses,Similartolthatlin[biomass[piles,(butCtmuchCimorel]
pronounced.[Conversionloflthelavailable[organiclinateriallin[the MSW [pile[{bylaerobicl]
rottinglor@naerobicldigestion)proceedswith[alhighate[and[eénergylescapes”linthel]
form[ofldissipatedieatlandfeleased(gases. [

W

Inlorderfolieducelihelfisks[@andlbssesloflénergylduring(Storage, biomassiuelsidanbel]
processedlin[@&ltertainivay.[This[feducesiheir(noisture[tontentl{increases[the[LHV
perCunittmass)@andlmakesiheirfhandlinglandong-termistoragel&asier, [(Without[any]
degradation(oflthefuel.
Processedbiomass(iuelsiarelquitelécommon(forlheating[purposes,iheselareltheiood[]
pelletsCand[wood[briquettes.[PelletsCandlbriquettesCareproduced byl thippingCand
compressinglthe[Wood[particlesCatlslightly[elevatediemperature.[TThe[Wwoodlisfirst[]
driedCtoCveryOlowOmoisture Ocontent.CDuringCthe Ccompressionprocess, (the Owood [
particles[partiallyCdevolatilize,CpartCbf(thebrganicsCimeltCandthelTesultCis[that[the
particles[gluelfogetheristeadily.[Comparatively[Smalllpartloffhelénergylinfhebiomassl]
istusedorhis[process.[Wood[pelletslorbriquettes[@areldrylupgradedisolidbiomass(]
fuels,Wwith[nolrestrictionsl@aboutlStorage@ndhandling.]

ProducinglRDF[outlofIMSW [isalsimilariivaydoluipgradetheWastes,[$olfhat[storage,[]
handlingCand[C€ombustion[areleasier.[(UsuallyLMSW/Uis[thopped,[metalparticles[andl]
otherlinertlinaterialsfare[$eparatedlasmuch@s[possibleandldimeparticleslareixed]
in,[fhenfheWwholemasslis[dompressedlandlpelletized. I

U
Algood[overviewlofthelproblemsl@onnectedwith[Storage@ndprocessinglofiwoodfuell]
can[belfoundlinfheMookDyllehtikangas?.34].]

O
Longfermloutsidelstoragelofbiomasslis[possible,butldftenbiofuelsi{especially[MSW)[
arelburned(soonlafterfheyhavelbeensupplied.(ndheltaseldffreshforesttesidues,]
energylcropsloricertainagriculturallfesidues,[¢hippedlanddransportedightlafterthey]
havel[beenlharvested{includingCMSW),thefuelCtontainsarge[amount[ofCmoisture.]
Moistureld¢ontent[6f[50-60%[s[alsualValueforrawiwood.[MSW isuallyhasinoisturel]
contents(offaround20-40%.0
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U
Fig.2.13:[AlGomparisonbetweenllHVperin*AndperfonofSeveralprocessedbiomassfuels(
(wood[powder,pellets, voodchipsiwith@wvoldifferentihoisturel@dontents)@nddoal.[{from¥.4]) 0

l

[
Moistbiofuels@reloftenldirectlylintroducedlihtofthel¢combustion[¢hamberlofiheoiler.[]
This[has[alhegative[éffectldonfhe[combustionprocess,boilerlefficiencylandefficiencyl]
of(thelwholepowerl¢ycle.dnsimplesmall-scale(Woodl[¢ombustion, boiler[&fficiencylis[]
believediolimprovewith[1%forlévery[1%ldroplihnoisturel¢ontentlofthefuel,Starting ]
fromtherawlCmoisturevalues.DWWhenDOwood[moisturecontent[falls[(to[40%,[boiler[
efficiencylimproveswith[0.5%[forleévery[1%[{furtherlbssofimoistureofthefuel]2.35].00

0
Dryinglofibiofuelsefore[@¢ombustionleadsfol@lmorelstable[dombustion[process,lessl]
emissionsromlhcompletelcombustion[{less[CO,[WHCAndVOC),limprovedadiative]
heat[ransferlin(ihe[¢ombustion[chamber,dowerVolumel[offlue[gases@ndessheat]
carriedlaway[byl[hon-condensedWaterlin(flue[gases.[Thelfhermallénergylinvolvediin]
evaporatinglfhelmoisturelénteringfthe[¢ombustionl¢chamberWith[fhefuellshotost, [it[]
isléontained(intheformlofléondensablewaterapourlihihelfluelgases.(However,{his]
thermallenergycanUbeutilizedOonlyOatOlowOtemperaturellevelsO(byOflueCgast
condensation),[provided@lsolfhat[SuitableheatSinks@re[at@ll@Available.
AlSeparateworkwithinihe[present(project,[aMaster(of(Science(Thesis(iitledDryingof[]
Biofuelsor[Energy[Purposes”,[fakes[altloserllookattheproblems[associated[With[]
moistbiofuels@andihelpossibilitiesioridryingthembeforeldombustion.[
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3.MHISTORYANDIDEVELOPMENTIOFHYBRIDICOMBINEDICYCLES.U

HCCIWITHICOAL-FIREDIBOTTOMINGICYCLE.U
H
N

3.1.0Toppingldyclesandiuels
O

ThelllermCTopping[Cycle’[{TC)Addresses(thepowerlcycleldof(any[heatléngine,lWwhich[]
acceptsCheat[at[VeryChighltemperatureevelCand[(Whosel[femainingCexhaustCheatlis[
utilizedbylanotherltycleatlallowerdemperaturelevel.[Typicalléxamplesor[T Cltheat
engines[@relithelgasfurbines@ndlihelihternalldombustionléngines{ICE).Both@arevell
developedliodaylandlarewidelyfusedFor[alllkindsCbfCprimelmovers’'Capplications,]
includinglpowerlgeneration.]

il
TCLengines[tanleasilylutilize[@ny[gaseouslorliquidfuel.[(Bolidduelsaremuchmore]
problematicfor[GTLAndICE.[Thelpresenceloflashiparticles[andlinstable[¢ombustion]
areihemostlc¢ommonproblemsihatlimpedelapplication[of[$olidFuelsin[GTLorOCE.
Manylattempts[areliade{folutilize[solidHuelslin[TCl¢ycles,[&nd[$everaldechnologies[]
areleadyfor[{or[d¢loselfo)[dommercialisation.[TheseovelfechnologieslihcludeIGCC,
PFBC,[pressurisedltyclonel¢ombustion,[éxternally-fired[GT,[¢coal-water[$lurryfordCEU
andariousimethods[forproducinglliquidfuelsioutlofSolid[ones.[
Nevertheless,[dommonlgaseous@ndliquidfuels(are(stillthel@nesimostlyusedforTC.[]
0

Openleycle[GTRNAICE willlbelconsidered@s[T Cléngineslinlthel¢ycle[simulations[for[]
thepresentiesearchlproject.[Thelmostlcommonlgaseousliuelfor(powerlapplications,]
the[haturalCgas,Willlbethelbnelunder[tonsideration.[NaturalCgaslis[also[the[most
“environmentally-friendly”fuell@mong@hefossillbnes,WithDowest[CO,[émissions@nd[]
closelfo[zero[5Ox[eémissions.dtls[comparatively[éasyfo[handleandburn,With[Very
lowlpowerlconsumptionorfuellpreparation.OIModern[combustorsorhatural(gaslgivel]
extremelylbw[émissions[ofINOx,[CO@AndWHC.[
Biogas[tanlteplacel[ihelhaturallyas[as[T CHuel,[ifHotal(CO,[heutralitylis($ought.[Thel]
compositionlofbiogaslis[¢losefofhatlofmaturallgasiniermsloflélementsipresent,fhel]
onlyiajor[differencelisihatfhe [CH4[¢ontentlis[@bout[half(ihatlof(haturallgas.[5ome[]
modifications[areltequiredForlswitchinglfrom[haturallgas[tolbiogaslinCGTLandOCED
combustionléhambers.[Theolumetricfuelflowwillbeldoubled.[

l

0

3.2.0Bottomingldycles@ndfuels[]

D
Thellerm[IBottoming[Cycle’[{BC)[tefersiolany[powerltycle,[Whoselheat[additionlis[]
beingUimplementedUbyUheatUrejectedifromUanotherCpowerCcycleOthroughCalheat
exchanger.[The@emperatureldffheatlhputfoiheBCL{whenViewedas[alsimpleltycle)[
istimited[bythethermallfualitiesCofCmaterialsCavailable ForCtonstruction[dfltheheat
exchanger.[TheBClitselflrejectslheatlatthelbwestpossiblefemperaturellevel.
Allypicalléxample[of(aBClsthelWwell-known[Rankineldycle,workingwith(Steam[or[any[]
otherfwo-phaselfluid.[Another[possible BClis[fhe[AirlBottoming[Cycle3-[an[air-driven]
expanderlandléompressor.Externallyiredpiston[éngines{Stirlingléngines)[¢an[alsol]
workhbottominglgdycles.[Any{fuelldanbetilizedlihfheseldycles.[]
Infihepresentiesearchlproject,[SteamRankineltycleland[AirBottoming[CycleWwilllbe ]
modelled@sBC, fuelledSolelybybiomass{iwood)0rMSW.[
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3.3.ICombined[Cycles]

W
“TC"[and1BC"Hermsmakelanylsenselonlyliflealk[@bout[@[tombination[of(power[]
cycles,[bneloflWhichls[thelopping,[anotherlonethe[bottoming.[Thelimostttommon(]
combination[oflpowerldycleslisfhe[GTCCHRAIGT@AsT ClandlalSteamRankineldyclelas[]
BC.Ot[can[be@lsoladdressedlasTpure’lorfunfired”[GTCC,[Asdonglasiheonlyfuel
inputbisCatlalhighemperatureevellin[ihe[G TLeombustion[ehamber,While[fhe$teamU
cyclelutilizestheremainingheatlin[the[GTL&xhaust.[Thelunfired[GTCCLlis[ihelmost
energylefficientCpower[tycle[foday.[Many[such[tombined[tyclesCarelin[bperation]
around(fheworld, Withnitsfangingfrom(Several MW Wpibnorefhan200[MW. I

il

Inlgeneral,Wwith[presentfechnology, fheldutputloffhe Bottoming BT lis[@bouthalffhat@f(]
thedopping[GTnhe[CC,vhichlineanshatladdinga[BCHolihe[GTwilllincreaselihe]
totalCoutput[1.5imes.[TheltostsHorthetonstruction[offalRankine[BChoweverlarel]
muchhigherihanliheldostsioritheGT.
ABimplified[@xampleoffanunfired[GTCCIls[presentedon(Fig.[3.1.0

O
- FUEL
O STEAM
Il TURBINE

GAS

TURBINE
n HRSG

P Fig.3.1: Simplifiedchartof@n O

00 LEER— S— [0 [0  [nfired@GTCC.0
O
O

Thelheatlinput[to[the[BCLdependslonthe@amountlofCheatltejectedbythe[TC,thell
exhaustOtemperaturellof(Jthedd TCOandonOtheOheatOtransfereffectivenesstandd
irreversibilitiesih[theHRSG.[f(higherheatlinputemperatures[aremeededfortheBC,[]
supplementaryfiringlihltheMNRSGIldanbeperformed.]
Supplementaryfiringfnthe[(HRSG[Wwith[the[same[fuelCas[forthe[GTls[altommon(]
practice[andlcanbelémployedforVariousleasons.[Suchieasonslé¢anbelihelheedfor[]
increasedpowerloutputforipeak-loadldovering,offsettingfhe[GTIoss[of[powerlathighC]
ambienttemperatures,limproving[part-loadCefficiency,lor[simplythe[heeddorChigher
steam[3uperheat/reheatfemperatures,[cyclelflexibilityfandpossibilityfolfun@salpure]
steamlgyclelduring[GTOutage. [

0
Supplementary(iring,[évenlif(at@Verylsmallléxtentlandith(fhe[$Sameliuel,[converts
thelinfired[GTCClinto[aired[GTCC.If[@llThefemainingldoxygenlinfhe (G Texhaustis[]
usedOorsupplementaryiring,[iheltyclelis[fransformedlinto[@ully-fired (CC.[Btudies]
aboutltheleffectslof(supplementary(firinglonltheloverallltycle[outputfandlefficiency]
havellbeen[performedbylmany@uthors,fargetingldifferentlissues.[Cycle[performancel]
andUespeciallyUpart-loadJbehaviourCandpart-loadUefficiencylhaveObeenUlargely
investigated.[Examplesorisuchistudies(@rel]3.2],[3.10],08.15],3.12],[083.17].00

il
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IffanotherfuellisCused@olprovideadditionallheatlinputforiheBC,ihe[GTCCLwillbell
transformedlihtolalHCC.[Two[Basiclarrangements(are[possible:[]
1)OFiredlorfully-fired(HCC,Where[ihe [T Cléxhaustlislised[ds[¢ombustion[air[for(firing ]
thelotheriypeloffuel.[Thisladditionaliringlcanbeperformedlihlan@daptedHRSG,
orl{infheldaselof(Solidfuels)ihlalsStandardboilerforiheBC. I
2)0Parallel-poweredHCC,Whereihe[heatlofihe [T CléxhaustlislutilizedHorfeedwater]
preheatingland/or[additional(SteamlgenerationforiheBC.[TheBClhas[al$eparatel]
steam(generator,ihwhichlifhe@dditionalfuellis{ired.]
O
Simplified@xamplesofiully-firedland[parallel-powered[HCClarelgivenlon[Fig.[3.2[and ]
Fig.03.30respectively. OAllOfiguresdof OIHCCOlaterdinOthisOreportOfeature Odifferent
modifications@andlayouts[oflthesewobasiclarrangements.]

O

O

O ADDITIONAL AIR, IF REOUIRED

H A :

O

O L1 Vistiink
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3.4.MReviewof[Supplementaryired[CCland[doal-fired[HCCII
0
0

Ithivashot[possiblelinthisiterature$tudydodracktheéntire[history[bf[tesearchlandl]
developmentiWorkConCsupplementary-firedCCCLandlLcoal-firedCHCC.[However,[some[]
factsCdepict[the[Whole[tonceptionLofChybridCtombinedCtycles,from[adolescenceliol]
maturity,[@ndiheylmustbepresentedlhere.]

O
TheldealforChybrid[tycleldevelopmentlsihotlhew.Thelirsttsuggestionsdorlsuchlal]
partialléombinationbetween@[T Cland@BClhaveloriginated[aslongbackasthelideal]
for@IGTCCliself.[The(irstiproposedldombinedidycles,welllbefore[1960,ihcludedlalsol]
supplementaryfiringlintheIHRSG.[T helgasurbineWas[justlénteringlits[firstindustrial ]
applications(atihatfime,[@ndis[performanceiwasnotlas[@dvancedlandreliable@sitlis[]
now,SolSupplementaryffiringlivas@nlimportantfoolfolachievelfeasonableéfficiencies]
in[fhesteamBClandhighlénoughliotal(butput@romihe[combinedltycle.(Mostlofihel]
very[irstttommerciallGTCClunitsthad[afired(HRSG[or[al¢onventionalboilerOviththe
samelfuellasthe[GT.[AtLthattimelthey[5howed[5-6%Chigherlefficiencies[thanthe]
conventionallSteam[plants.[D.7],[3.4]0
Finckh[3.12][(pointsoutfhatlimitedSupplementaryfiringlin[fthe[HRSGof[A[GTCCwith[
onelsteam[pressurellevelforiheBCOvouldfesultlinincreasedltyclelefficiency.dnfhe
caseloflioreladvancedheatlutilizationlin[the(HRSG[{duallsteam[pressurellevellvith[]
reheat), efficiencyCwouldChotCincreaseCwithCsupplementaryCfiring, CbutChonetheless, [
supplementary(firingofuipio[30%Wwouldnotesultlinbiglefficiencylbss(]3.12],[3.2].00

[
Ofldourse,8Sincelc¢oallis[generallyihelmostlaccessibleland[¢heapestfuel,fitldidn’t{ake]
allongfimeuintillideasfor[¢oallutilization[as[alsupplementaryfuellinlcombined[¢ycles]
werel[proposed.[Beriousl[tonsiderations[forfHCCLtevelopmentlhave[started[Wwith[thel]
suggestion(forlihstallingfoppinglgasiurbineslonléxistingl¢oal-fired[Steam(boilers, [after(]
technical@ndléconomicl$tudies[lindoubtedly[$howedIhatfhisiivouldbelan[éasy@nd]
cheaplWwaytolimprove[both[outputlandlefficiencylof(thelold[toallpbowerlplants.[Thel]
shortCtonstructiontimesCheeded[for[simpleCadditionCbfCahas[turbineltycle[tolthel
existing[plantiwiththinorimodifications[oflfthe[Steam[GircuitlandBboiler,Were@lso@adding[]
tolfthelgrowing[popularityofthisimethodformefurbishmentofloldplants. ]
RepoweringlWas[undoubtedlythelprimarylieasondorthelinterestlintHCC, [butChew-
buildlpower[stationsih(HCClmodelWerelalsoldonsidered.Ofldourse,fhelleaders(ihlthis]
developmentiwereldountriesiwith[ageing[doal-fired[power[plants,[available[modernigasl]
turbineOtechnologyandenergyefficiencyOatOtheOtopOofdthe[Jagendalof(theird
governmentalUenergyplans.OFinally, DitCwasCthe DenergyUefficiencyUand Ceconomicl
attractiveness[ihatlWas[theprimarylimpulseforCactuallinvestments.[Low-investment]
strategiesfor[therenewalUofCold[isteamOgeneratorshave [beenldevelopedUinCallCl
industrialized[¢ountries,lbasedldn[ihe[g§roundoffheededlincreaselinlinstalledjhower,[]
increaselinCefficiencylandrefurbishmentbflageing[boilersbwithCminimumfinancialJ
burden.[lLeadersCamong[theseltountrieslin(iermsCofChumberloflinstalledlarge-scalel]
unitsf@relGermany,HollandandJapan.]

O
Literaturelon[theltelevantlissuelin[Englishllanguagethasbeenpublishedliniechnical]
journalslorpresented@tlinternationallconferencesbyl@authorsfromVarious[¢ountries.[]
Thelprevailingidumberloflauthorsisfrom(severalldountriesihldontinental [Europe, [WSAD
andJapan.[Many(articles[havel[appearedlin[Germanlanguagelby[German,[Austrian]
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andU DutchJauthorsOinOtechnicalll magazines[d suchldas[1 VGBI Kraftwerkstechnik,[]
Brennstoff-Warme-Kraftl(BWK)[@nd[Energielund[Technik. I
Relevant[articles[havellalso[beenpublishedin[Dutch,talian,[Japanese,Finnish,]
Frenchl@andlofldourseBwedishllanguagelihfhelfespectiveldountries.]

O
USTauthorshavelargelyl¢ontributeddolihefelatively(smallamountlof(publicationsion]
issueslielevantltolHCCLpromotion[and[development,[butlvery[fewllnitsChaveleverd
beenldonstructedlinihe[WSA.[
AuthorsfromheWKhavelgenerallyhotbeenirery@ctivelinhis(ield.O

O

IGCC,0PFBCandOotherCsophisticatedCcoalClutilizationCtechnologies, CwhichOrequire
intensiveltesearch@ndldevelopmentlandargelinvestments,havelbeenlgivenfalmost]
totallpriority(IN[WSAI]3.39].Nevertheless,[HCCHorliepoweringofthe Ageing[US[¢oal-
firedSteam(plantsihasbeenproposedandputforwardl{amongldtherfechnologies),forl]
examplelin[3.43],03.35],03.7],03.16],[3.26][and[bthers.[BranderAand[Chase(]3.4],[as[
wellCasCmostlof(thelbtherCauthors,[underlinethepotentialCofCfepoweringCtoal-fired[
steam[plantsiwith[gas(furbines,utl¢oncludefhat$witching[awayfrom[¢oalfomaturall
gas, Meplacingiheboileriwith[A[HRSGland[donvertinghelold[plantslihtounfired[GTCCUO
is@lmoreNiableldption.
However,linterestlin[¢oallutilization[is[Steadilylihcreasinglinfecentlyearsandprobably[]
the[HCClidealwilllberevivedlintheWS.

O

nmw 420°C
(788°F)

750°C
(1382°F)

20

180atii/530°C
——— | (2556psig/986°F)

64MW

656MW

ID Fan

100°C
(212°F)

[

Fig.[3.4: Mayoutldfthe[HoheWand"[HCCL [IIIITFig.[3.5: Mlayoutldfthe[IGersteinwerkID
Power[Plantiwith[@[Coal-FiredBoiler.O g UnitK"HCCwith[@lCoal-FiredBoiler. ]
(from(]B3.40))0 O O O O O (from(]B.40))O

[

[

InCthelearly1960’s, Fully-firedCCCLplantsCutilizing[theChigh[temperature[gas[turbinel]
dischargel@slcombustionairlintakefor(&[¢coal-firedSteamlgeneratorfivereldeveloped.[]
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The(irstloflsuchiplantsiwas(thelpower(station[fHohe[Wand”[[{Austria),WwhichlWentlihto[]
commercialloperation(in[1965[]3.40],[03.5],[04.4].[Thedotal Cbutputlof[ThisCunittivas[750
MW, with[algas(furbinedatinglat[1 1MW [@And[alSinglefeheat[Steam[iurbinedating[of[64[]
MW.DVerylCmodestlgas[andsteamturbinelinletCconditions[{GTLinlettitemperatureof(]
750°C, [accordingfolthefhenprevailingstate[of[development)stillprovidedAfhermal
efficiency[0f(40.5%(B.40],[[3.18].[Thelayoutofthis[powerplantlis[Shown[On(Fig.[3.4.0]
0
Iniheollowingyears,[fheluinfired[GTCClpowerplantsiinderwent[alsteeplincreaselinl]
performancelandpopularity. CExtensive[experiencehadlalreadybeenlgainedwith[a[]
largeumberofthem.In{act,[CCldevelopmenthas@lwaysproceededlin[parallellwvith(]
GTldevelopment.Meanwhile,inanyfully-fired[inits[utilizing[hatural[gasCorloil foroth ]
thelgaslurbine@ndihelsteam[generatoriwerebuild[and[dperatedin[Germany.[They[]
showedléxcellentlperformancel@ndreliability[Statistics, Which[dgaveldonfidencelihfthese[l
typesloficombined(gdycles((seeTablel3.1[0nmextpage). Il

O

IN[1984,[A750MW Hully-fired[THCCLunittwith[altoal-fired[steam[generatorfWentlinto]
operation[asiheifth[WnitCof(the 2300[MW [Gersteinwerk(powerplant[{Germany).Ots
flowchartlis(shownlonFig.[3.5.[This[plantiwasmotloptimallyldesigned(infegardfolthe]
gas/steamfurbineldutputatiol@andSupplementary@iriwasheededfbritheSteamboiler,]
suppliedbyFDfans.[Despitelthisfeaturelandfheinoderatelihletldonditionsorihelgasl]
andsteamurbines,fhelhetlefficiencyloftheéntire(powerlstation[{includingosses(for[]
fluelgas(desulphurisation)feached(41%.[[3.40],04.4]0

[
OptimalCmatchingloflthe[gasiurbineloutputiothatlof(theSteamboilerForFully-fired]
plantsiof(@lsimilar[$caledo@heldonelmentionedustfabove, With[(fwolgasHurbinesland]

onelsteam[Doiler[as@nléxample,lis[presentedOn(Fig.[3.6.10
U

Gas Turbines

Steam Turbine -
653MW

+16

1

I A e

O

Fig.[3.6: (HCC[Power[PlantWith{fwolGas[Turbines]
([TAnd[@nelCoal-FiredBoiler.[{from[3.40])U O O

O
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This[CoptimumCktoordination[bfCgasCandsteam[turbineslis[feachedwhenlallCbutCall
minimumlofiheloxygenpresentlinihe[GTeéxhaustlisl¢consumedlduringlcombustionlin[]
thelsteamlgenerator.[Nevertheless,[plantsitequiringlsupplementary[airlbecauselthel]
GTUls[@oo$malllare[alsoléconomicl]3.6].LAVerylhighlexibilitylis[achievedlif(the [FD
fans[@anf@llowfull-loadl@perationWwithoutfhelgasiurbine.[

O

Kraftwerk[Wnion[((KWU)hasbeenlhvolvedinbuildingadarge mumberloffully-fired[CCO
unitsiwith[@Nariety[offuelsi{manylofltheselplantsiiisedhaturallgasboth@s[gasiurbine
andboilerduel).CAOist[of(Suchplants,Whichdeature[(KWU[gasurbines, [s[presented]
belowlih[Tablel3.1.0]

O
Table3.1: [Fully-fired[HCCpowerplantsiwithIKWUIgasurbines.[[Adaptedfrom([3.40]) 0
0
0 OutputMW)0 Fueld InO
Totalld Gasl Gasl Steam[Generator] | serviceld
Turbineld Turbinel fromO
1)ONEWAGO [l 0 O 0 O
HoheWand[ 750 110 NGO CoalINGIIDO[O 196501
2)0 Neckarwerke[ g g O ad O
Altbachd 2510 510 NGIDOO NGIHOO 19710
3)ONWKDO a a ad a O
EmdenO 4520 5200 NGO NGO 19730
HIVEWDO a a ad a O
[IGersteinwerk FO 4170 5200 NGO NGO 19730
5)WEWO a a ad a O
[IGersteinwerk[GO 4170 5200 NGO NGO 19730
6)WVEWO a a ad a ad
[IGersteinwerkHO 4170 5200 NGO NGO 19730
7IWEWO O O O O O
[MGersteinwerkJO 4170 5200 NGO NGO 19730
8)IWVEWO O O O O a
MMEmslandB 41701 5201 NGIIIDOO NGO 197401
9)StwDO [l [l [l [l 0
[MMDuisburgAC 1720 3201 NGIIIDOO NGO 197401
10)IWEWDO [l 1l [l [l 0
MMMEmslandCO 41701 5201 NGIIIDOO NGO 197501
11)[GFAO [l [l [l [l 0
[MMGebersdorf] 4030 510 NGIIDOO NGIIHOO 19750
12)[EWWienO [l 1l [l [l O
[MSimmering 4450 660 NGO NGO 19770
13)[$aarbergwerke O O O O O
[V oelklingen 2230 330 CGlIDOoO Coald 19830
14)IWVEWDO O O O O O
MG ersteinwerk KO 7700 1140 NGO Coald 19840
NG[MNaturalGas; DO Distilate[Oil; HOFHeavy[Oil;[CGE[CokeGas.(
a
0

Partiallgasificationlof(¢coalforunningihelgasfurbinelonproductigasiwhilefhelsteam]
boilerfiunslonlcoal,thuslcreating@fully-fired [CCwith[Supplementaryiringlisinglonly ]
coallforoth[TCAndBC,haslalsobeenl¢onsidered[andlinvestigated.[Such[alschemel
would@Availlofltheldecreasedlcomplexity[dflgasification[andlincreasedlexibility(ofthe ]
concept,[iflonlypartloffihefuelforthelcyclelislgasified.[Alpowerplantlofthisfypelhas]
been(builtfin[Germanylin[1972as[alprototypeHorgaining[experienceWith(advanced
systems. [lisllayouthasbeenldescribedbyTermuehlen(]3.40].10

0

51



Hybrid[Combined[CycleswithBiomassandWaste[FiredBottoming[Cycle.[Aliterature [$tudy. MMIIIIITMiroslavPetrov, [Feb20020
Chapter(3:[HistorylandDevelopment@f(HCC.[HCCWith[Coal-FiredBottoming[Cycle.[l

Fig.[3.7[presentslan[éxemplifying[domparisonbetween(ihelnetlelectricallefficiencies[ofl]
threeltypeslbf[powerl[tycles(3-[bpenlsimplelgaslturbineltycle,Ltonventional(steaml]
turbineldycleWwith[moderate[steam[parametersiandafully-fired[CClofltheSameloutput]
aslihelbasiclsteam[cycle.[Thelfigureshows[hetlefficiencylturvesloverihefullldoad
rangeforCeachltycle.Ot tlearly[feveals[thefully-firedCHCCLperformanceladvantagel]
overlseparatelgasloristeam(tycleslatlanydoad.[At[part-powerdoadsbetween65%fo[]
100%, fhe[HCCleven[Showslihcreasedéfficiency.[]B.40],[3.5],03.6],08.23]C

% 100%
45- [~—Gas Turbine Load —-—‘ 110 |
s Verbund
840 MW Combined Cycle . y \ Por: Par=4.:1
‘o \
/ — \
106
40+ / \
T 104
Verbund
) k] Por:Pgr=6:1
e 5 102
2 840 MW Steam Turbine Cycle 2 /
= s
i 35 = 100
3 g |_—"T konventionelies
g % 08 L Kraftwerk
[
2
T %
30 /
. 94
93 MW Gas Turbine Cycle /
' ‘ 92
254 %0
T T T T T ™ v 30 40 50 60 70 80 90 % 100
- 40 50 60" 70 80 20 100% Blockleistun
Plant Output 9

Fig.3.7: Simpleldycles@ndiully-firedO O Fig.[3.8:IConventionalSteamldyclel@and[]
HCC.[Comparisonlaflpart-loadéfficiencies.0O twoHCCWwith[different(STHo[G Tdutput]
(from(3.40))C O O O g g ratios(3-[domparison(ofléfficiencies(at]

O O O g g g g part-load.{from([3.1]).0J

O

W
Anotherlefficiencyl¢omparison[at[part-loadslis(presentedlonFig.(B.8.[Thelfigurehasl]
appearedn(iheirstteportsLonihetelevantopic,publishedlin[German.[Al$tandard]
steam[Rankinel¢yclelisicomparedolalhybrid[écombinedl¢ycle,lwhereiwoldifferent(STO
to[GTpowerlbutputtatiosLare[tonsidered,[$showing[ihe&ffectlofThefas-to-coalfuell]
inputCtatio.[EfficiencyvariationsLare[shown[telative Ro[the [Value [of(the[$Simple[Steam]
cyclefatfulllbad.DTOsAn@Abbreviationfrom[Dampfturbine”,ineaningfsteamfurbine*“]
in[German.[B.1],04.4]0

O
This[good[part-load[éfficiency,dypicalforl@any[HCC,danbelachievedbyldecreasingihel]
loadoflthe[Steam[generator[(theBC)While[keepingihelgasiurbinel{the[TC)Munningat[]
fulllpower.Inthisiway(alargerpartiofiiheiotallheatiortheldyclelisprovided@tithelhighl]
temperaturellevellin[the[g§as[turbine,limprovingihelprerequisitesforlefficientlénergyl]
conversion.flthe[GTbadlis[decreased,fhelpooripart-loadperformanceoftheG T will[]
inevitablyCaffectlthe[Wholel[tycle[performancelandltheltyclelEfficiencylwillCstart[iol]
decreaselfapidlylwith[decreasingpower.[Thus,{olMmakefhebestloutlof(thelgoodpart-
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loadfeatures[off(HCC,[gasfurbineloadmustbeldecreasedlonlylafter(fhelloadloffhel]
steam(boiler(hasbeenldecreasediblitsihinimumievel.]

W

However,[Whenlteducing[$teamlgeneratorloutputlWhile keepingulllgasZurbinedoad
(for@leycledayoutsuch@sthatlonFig.[3.6),fhelpartialfeedwaterflowdhroughfhe HPO
feedwaterUpreheaterOwillDbeCthrottled Jto[keepUthe Opartial OfloweconomiserCflow
unchanged.OAtOabout165%loadDallOfeedwaterOpassesCthroughOthe Opartial Cflowd
economiserfandlihefeedwaterflowihroughliheHP feedwaterheaterbecomeszero.lA
furtherfeductionlin[steamlCgeneratorCoutputwith(fulllgasdurbinedoadWwilllead@o[an]
increaselinfeedwater[temperatureJandconsequentlyCto[boiling[conditionsCat[thel]
evaporatorinlet.0ToOstayOwithinOtheOtemperaturedlimitd of 0 10°CObelowO boilingd
temperaturelaslillustratedCon[Fig.[B.9for[this[specificLtase,[AldoweringLbf[thelgas[]
turbineloutputlislhecessary[{sinceoweringloffheinalfeedwater@emperature by, Hor]
example,bypassingihelpartialflowleéconomiseriwouldesultlin@fhermallperformancel]
loss[oflthepower(dycle).[B.40]C

l

2 x 100% Gas Turbine Output

S

2 x 75% Gas Turbine Output

of ] 1 x 100% Gas Turbini
675 360+ Output and FD Fan

350

—

650

340 100% Gas Turbine

Output

6254 3301 o

Plant Net Efficiency

75% Gas Turbine
Output

50% Gas Turbine
Output

320 4

500

310+

... 300 y Y T T T Tr—— :
30 - 40 50 60 70 . 80 90 . 100

Steam‘Geherator Output

35 T T T v T T - "
20 30 40 50 60 70 80 90 100%

Plant Output
Fig.[3.9: [Evaporator(ihletfemperaturesior]
different(Steam(generator(@andlgasiurbined O Fig.[3.10: MComparisonlofleéfficiencies@tl
part-loaddutputsiboriheHCCplant[ O O part-load[dperationforlAaHCCpowerldycle
shown[on(Fig.3.6.[{from{3.40])C O O withloneldr@wofopping[gasiurbines.O
O O O 0 O 0 O (from(]B3.40])0
O
W
Infalfwolgasiurbinelplantlarrangement,fhelpartiallbadlperformancel¢anbelimproved]
byCoperating,CatlfeducedplantCoutput,ConlyCbnelbf(the(iwolgasturbines.[Plant[het]
efficiencylinthisCmodel[ofloperationlisCshownlon[Fig.[B.10.0f(both[gas[turbinesarel]
operated@ndiheloutputloflboth[bf(themlis[teducedbelow50%,[thedosslinihermall]
efficiencylislquiteldrastic.[Decreasingiheloutputloflonlylonelgasiurbinewhilekeeping[]
thelotheratfullloaduintil@heirsttoneeaches[zerollbad, [providesexcellent[part-loadl]
performanceldownfo@round25%[oflthe(ibtallplantidutput.[3.40]0
[
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RaisinglcyclelefficiencyJandllincreasingplantCloutputUcanCbeCJeasily[Jachievedby[]
converting[@niold$teamdurbineplantinto[A[HCCplant[byladdition[of(algasurbine,]
thus[¢reating@fully-firedlorparallel-poweredHCC.[Toppinglofisuchlold[$team(plants]
with[gas[furbineslis[alhighly[économicallwayfolachievefhelimprovementsinentioned
above,liffuelforfhelgasiurbinelis[available[atfeasonablelprices. I

Repoweringloflold[steampowerlplants[canlalsolbeperformedbyiransformingihem]
intoCpure[CCLunitlbyCadditionCoffaldasiurbine,[dismantlingCof(the[steam[boilerfand
replacinglitlwith[2[HRSG.[This[¢onceptliaybe@ttractivelin(smalllscales, butlisguite]
expensivelolimplementlinarge$cales{ifChot(io[saylimpossible).[Topping[alpower
plantiwith@ransformationlofihesteamboilerihtolafully-firediniticanbe [performedin[]
any[Scale@ndlis[particularlyattractiveihlarge[Scales, Wp{o[700MMW @AndmoreJTerm].O
Oflcourse,[preliminarylStudiesimustibel¢arefullyléxecutedlin[orderfolfind[outiwhetherd
such modifications[ to[d the boilerd ared technicallyd and] economically(] feasible.[]
Transformation[bf(lalkteampower[plantCintoCalparallel-poweredICCLis[particularly]

attractive[@tfanyscale.[Thel¢hangesoihelsteamlowlpathlin(both(fheseltaseslare]
minimal.[]

Atter Conversion
/\ﬁ 690MW
45

Before Conversion

630MW
40 H

Plant Net Efficiency

1
[}
]
1
1
1
—t

s
Turbine

35
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Plant Net Output
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Generator

~_Full-Flow
__~Economizer

Edy
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FD Fans

2] e

Heaters
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Economizer = T
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O
Fig.[3.11:[An[éxamplelfordepoweringloflanioldSteam(plantlintolafully-fired
combinedldycleF[Eemscentrale2”,[Theetherlands.{from[3.40]@nd[3.5])0
O
U

Just[aslinthewlybuildFully-fired[HCCIplants,fepowered(plantsi¢canlalsobeldesigned
forlindependentsteamlor[gasiurbineloperation.OnHully-firedUinits, [$eparatefans(ior[]
combustionairlmustlexist, [if[fheboiler(is{obedperatedwithoutihelgasfurbine.[Such
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conceptslallowforthelmostflexible[and[efficientloperation[ofthe[TClandBCliogether[]
or(Separately,[aslfequiredbybad-followinglduties[orihaintenancelprocedures.]

W
Anléxamplelof(alplanttepoweredlintolafully-firednit0s[ShownlonFig.[B.11.[A1400]
MW [gas[furbinelisfoppedldontofheold[630MW Steamfurbinelplant.[The[GTéxhaust]
isfeddolihel$teamlgenerator,[butlpartloffitisbypassedldirectlylipstreamloffheirst]
superheaterOsection.0TheOoutputOof(dtheOsteamOgeneratorOisCloweredOafterdthed
conversion,Usollthat[theJrenewedUplantUDoutputUisCI6900MW LlinCitotal. OPartial Cflow(
economiserslarelchosenforboth(HPANndILPfeedwaterheating.[Themhetl&fficiencyof]
thelplantlislincreasedio47%[{from40%Mbefore)[and(ihe[fotalfuelldonsumptionforihe]
690MW [powerlisessthanihatforfhe30MW[previously.[B3.40]0

i

InQJapan, fully-firedldycleshave beenlSeriouslyldonsideredforifepoweringofldld[Steam[]
generators.[ASharplncreaselin[powerldemandduring@hellast[10-15[yearslin[Japanl]
(mostlyforipeak-loadlelectricity)has[iriggered@lgrowinglinterestihHCCldevelopment.[]
Alcomparative[studylamong(differentfully-fired[HCC[System[¢onfigurationsapplicable[]
tolJapaneselt¢onditionshavebeenlpresentedyMorikawalet.al.[And[Takizawalet.[@l.[]
[3.27]@nd(3.38].I

W

Regarding[GTleéxhaustheattilization,[differentldycle[donfigurations(@arelpossible.]
Table[3.2[Showslaldomparisonbetween(theldifferentfully-fireddycle@rrangements.Il

[
Table[3.2:[MComparisonoffully-fired[CCldonfigurations@ndfeatures.[(from([B.27]and[]B.38]) ]

Equipment of Cold wind box type
gas turbine . .
exhaust heat Hot wind box type Gas feed water heater FDF air use
recovery Boiler evaporator Feed water system Boiler
Gas wrbine Gas turbine
Gas turbine Gas turbine
-~ i~ Exhaust
gas cooler
Configuration Exhaust 4| Boile
gas cooler ﬂ Deagrator Boiler|
Boiler| Boiler
High pressure
feed water heater
Modification . .
. Fairly lar, Fairly small Small
scale of boilers Large airty large v
» Plant efficiency is « Plant efficiency in this case | * Plant efficiency in this case is | » Plant efficiency in this case is
optimal because of is nearly the same as that of { slightly lower than the hot nearly the same as the gas wrbine
recovering the gas the hot wind box-type. wind box type and gas turbine | exhaust heat recovery type by the
turbine exhaust heat in * A tube layout is needed exhaust heat recovery type feed water system.
the boiler. from the boiler evaporator by the boiler evaporator. *» Adequate FDF air flow rate to
Features « Special structure is to the cooler. « A tube layout from the cooler | control wind box inlet gas
required at the to feed water system is temperature is required. Dry gas
connection of boiler and needed. loss is large.
wind box. * Special structure is needed at
confluence of gas turbine exhaust
gas and FDF air.
l
U

ThelsystemWwhere[GT[éxhaustlis[directlylintroducedlinfheboilerlasanloxygeniSourcel]
forCtombustionlis[talled[hotCwindbox”.[The ksteam[boilerCaccepts[the[gaslturbinel]
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exhaustlgaslatemperaturesCaround500°C 2o [550°C, [tlependinglon[ihegasfurbined
type.[This[3ystemltonfiguration[hecessitates[allargermodification[of(the[combustion[]
airfductslandCburnersof[theOsteam[boilerC(tolwithstand[the [very[ChighCadmission[]
temperatures([B.27].[AnéxamplelofiSuch@aldyclelayoutlisipresentedOn(Fig.[3.12.0]
HotwindboxCrepoweringChas[thelhighest[degreelbf(technicallcomplexity of CallLGT-
based(repoweringloptions([3.35].0

W

COND

FD-LP-ECO  IDF

e T o S

BFP: Boiler feed water pump ECO: Economizer HP-HTR: High pressure feed water heater

COND: Condenser FD-HP-ECO: Flue duct-high pressure-economizer IDF: Induced draft fan
DeNOx: Denitration plant FD-LP-ECO: Flue duct-low pressure-economizer LP-HTR: Low pressure feed water heater
DTR: Deaerator GT: Gas turbine STK: Stack

il
Fig.[B.12:[TAn[examplebfCalhotbvindboxFully-firedICC.OThehotCyas[turbineexhaustis]
introduced(directlylintotheDoiler.[{from[3.27])0

0

[
ThelSystemlwherelgas(iurbineléxhaustlisfirstly[cooledfo[someléxtentbeforeléntering]
the[Steam(boilerlis[dalledfcoldwindbox”[{orfwarmiwindbox”[[3.43]).[Therel@relSeveral
optionsfor[partiallyl(coolingloflthel(gasurbineléxhaustlgas,in[Table[3[arelmentioned]
feedwaterOpreheater,OboilerdevaporatorsurfaceJandCallsimpledmixingOwithCcold O
combustion(air.[The[advantage[of(the[¢oldwindbox[8ystemlisihe[possibilityfoUselfhe]
existingCeombustion[airCductingCbf(the[steam[boilerCithoutCanylargemodifications]
[3.27].00
Moreover,[adan[tanbelapplied[onthe[GTLexhaustHlowpathiolboostihelpressurell
beforeltheboiler(and{olalleviate[The[performanceldegradationloflihelgasfurbinelduel
toléxhaustlpressurellbsseslihthelfieatl@éxchangers.[]
Anlexampleloflaldoldwindboxiypellayoutlispresentedon(Fig.[3.13. 0

O
Thelhotlwindbox[dypeltanbel&éxpectedfolhavelalgreater[tycle[efficiencylincrementl]
thantheltoldCwindbox[type,[becauseltheformerresultsCinCalChigher[regenerativell
efficiencylthan(fhelatter.[However, fhisldependsi¥eryliuchlon(iheléxact@rrangement]
offhe[GTleéxhaustheatfecoverylsystem@ndiwhetherfhisheatlistilizedforfeedwater[]
heating[{low@emperaturelutilization)[or{or(faising[additional(steam[{highliemperature]
utilization).dnC¢oldWindboxdypel[$ystems,[Where[GT[&xhaustlis[tooledbyladditional]
boilerl@évaporatoriSurfaces,[plantléfficiencyivallingfhatlofthehotiwindboxfypeldanbel]
attained[]B.27].[Furthermore,backpressurebehindihelgasfurbineldausedbypressurel]
lossesllinUtheJGTDexhaustUflowOusuallyUhasUallbigUeffectUonUitsUefficiencyUand U
performance.Ihiheldoldwindboxfypelifheselpressurellosses(arelhigher,becauseheatl]
exchangers[arelpresent, (butliffa[FDdanlslnstalledfhelossesWilllbe[dvercomeland]
GTIperformancewilllbebetterfhan(fhatloflihehotiwindboxypelSystem.[]
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HP-HTR DTR LP-HTR

.- —{cowp)]

I~ FD-LP-ECO-RP

DeNOx

FDF: Forced draft fan

AH: Regenerative air heater

GT-GC: Gas turbine
exhaust gas cooler

GT-GC

0

Fig.[3.13: MAn[exampleloflal¢oldlwindbox[{alsoldalled Bwarmiwindbox”) Gully-fired[CC.[ThelGTO
exhaustlsirstly[cooledto[someLextentlbeforebeinglintroducedlintotheboiler.[Mainltycle
componentslarefheSamel@asihFig.[3.12[@bove.[(from[3.27])0

U

l
Infallldepoweredwindbox{fully-fired)[¢ycle[arrangements,[¢areinustbefaken@lsofor]
maintainingLsteam[generatorefficiencylatlitsLdlesignValue.[Switchingfromlair(io[GTU
exhaust[@sloxygen-carrierforléombustioneads[iold¢hangeslinflowslinfheboiler{both]
masslandVolumetriclilows),@sWelllas@olpossible[thangeslin[adiabaticCtombustion[]
temperatures, flamelduminosity[andpercentage[offadiative heatfransferfoldonvection]
heatUtransfer.JAs[allresult,Cradiative JsuperheatersUmayUneedCtobelCreplaced by
convection[Superheaters,[drlother[@dhangesiinaybehecessary. [l

il
OnelJapaneselelectriclutility(hasldecidedlinthebeginninglof(fhe[1990-iesfol¢onvert[]
alllitsCéxisting[7 OO MW [And [(B75MW [Ehermal(powerlunitstintofully-firedl(HCCpower[]
plants.[Theladdition[of(algasHurbine{oliheldld[uinitsiivas[tonsideredihelbestl¢hoicel]
duelolalshorterLtonstruction[period,dessCenvironmentalldegradation[Andimproved
plantléfficiency.Basicplanningforiepoweringhasbeen(started(infhe falllof[1990&andC]
detaileddesignlandmanufacturinglof(partloflthethainléquipmenthasbeenl¢arriedout]
byfhelend[06f[1992.[This[¢onversionhasbeenfequiredfolincreaselthelpowerSupply]
capacitylgraduallyfromihe[Summer[6f[1994[0nward.[]3.38]0

O
Parallel-poweredcyclesChavealsolbeenconsideredforCrepoweringof[oldsteam
plants.[TThel[parallel-poweredl[tycle[{also[talled[*compoundlCtycle”)lsloftenalbetter]
(lowleost)Alternative ForlutilitiesinCheedfor(peaking[tapacityLorlany[combination[of(]
base-load,Cimid-rangeCandCpeaking[tapacities.[Apart(from[thelincreaselin[powerlby[]
addition[offalgas(iurbine,[parallel-powered[¢ycles[featurelcertainlincreaselin[power by
closing[the[STdeedwater[steamléxtractions.[In[alstandardlarge-scale[steamltycle,[]
approximately[20%[io[30% of(fhe[Steam{flowaybelisedforfeedwaterheatingB3.7].0]
By[itilizing[G T éxhaustforfeedwaterheating,[additional(powerlis[producedihfhe[ST.[]
Parallel-poweredlarrangementeatures[fullflexibility. (Eteamlgyeneratorfor[base-loadl]
duty[tan[belkasilyfaugmentedbylaltoppingLGTfor[peak-load[duty.Theladditional]
powerfor(peak-loadltoverageltanbeléasilyandlduicklytaisedbyihe[GT,Whilehel]
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STlitselflislih[operation[andl¢aneadilylacceptlitsidwnoadlincreaseWhenfeedwater[]
preheating(Starts(ibbe[providedDyG Texhaust. I

O
Allypicalléxampleloflalparallel-powered(dyclelis[Shown[on[Fig.[3.14,0wherelal370MW [
baseloadls[providedbylaltoal-fired(powerplantiwithtDeNOx[And[DeSOx[$ystems.[]
Additional(B5CMW [bfCmid-rangelbr[peakingtapacitylis[(supplied[bya[60[MW [gasl]
turbineOwithCheatCexchangersCfor[feedwater[preheating.O0The [(feedwater[preheating]
providedbyihelgasiurbineléxhaustesultsin[anloutputlincreaseloflihelsteam{urbine
from[370{oB395MW [duelfolfhel¢losingloffhe feedwaterheater(steamléxtractions#1[]
through#3[ashivelllas#5[and#6.[Theheatate[improvementlforihe[combined(cycle,]
as[comparedoliheheatfate [of(both[gas[and$team[cyclesworkinglindependently, s
5.5%(lorl478[Btu/kWh,[seelFig.[B.15.LAnotherlimportantfeaturelis(thatlwith[Such[all
parallel-powered@rrangement,id-rangelor(peaking[¢apacitylis(providedith[alvery[
lowmaturallgasléonsumption(ataoughly%0%l[efficiencylevel.[Infadditionihe$pecificl]
heatlrate[perKWhliseduced.[]B.5]

il

Btu/kWh Output Increase

85 MW with V64.3 Model
60 MW Gas Turbine

9600 =

Heat Rate Improvement
A-C: 315Btu/kWh 23.7%
B-C: 478 Btu/kWh £5.5%

B £ Weighted Heat Rate of
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Gas Turbine Plant

9400
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pacel
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Output of 455 MW
8215 BtwkWh

Coal-Fired
Plant...370 MW

Output of
Compound
Cycle Plant. . .455 MW

8200

—

Gas Turbine
Rated Output

{7

8000 ~

T T T T T T
20 40 60 80 100 120 %

R

Output

Fig.[3.14: Parallel-powered[HCCwvith( O

Coal-fired[Steam[generator@ndbheatIl ad Fig.[3.15: MPerformancelimprovementofall
recovery(ibrifeedwater(preheating. U g parallel-powered{compound)HCCIlafter[]
(fromB.5)0 O g g g g toppingWith(algasiurbine.[(from([3.5])J

O

0

When[¢onsidering[3uch[aleycle[¢configurationhowever, [¢arelnustbefakenfolénsurel]
that(the[ISTcanltarry[thelincreasedload[&after[tlosingCsomelbrlallCbf(the[steaml]
extractionsorieedwaterpreheating.[Usuallyfhefurbineslareldesigned{orloperation]
withCextractions[tlosed, butCbftenCmodifications[bf[the[LPturbinebladingCmaybell
necessary,[éspecially[fortheVerylastfurbinelstage.df(the (ST And¢ondenseri¢cannot]
acceptlihelincreasedsteam(flow, (teduction[ofthrottle[$team[flowwilllbe[hecessary,[]

whichlwill[6ffsetthelpowerlincreaseform(dlosedSteam(éxtractions.l
U
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Fig.[3.16: [EffectoflgasiurbinefoppinglandiSteam(éxtraction(dlosing
[MMbniheperformanceldflparallel-poweredHCC. [(from(3.5])0
O
l

For[thelselection[bf(alparallel-poweredCHCCDOwithCheat[lexchangers[for[feedwater[]
preheating,[itOsCofCutmostCimportancetolbptimiseltheltycle[by[supplying[thegasl]
turbineléxhaustlénergy(foihelsteamlcycle@tlalhighlénergylevel.[Figurel3.16Meveals]
thisOmportant[feature[forCaltypicalCapplication[of(algas[turbine[beingtoppedtoan]
approximatelyfourltimesUargersteam[turbine[plant.[With[equalltemperatureltiselin[]
eachlheater,[the[feedwaterCheaters’[thermalloadldecreases[bylfoughly[15%[When[]
switchinglofflonefeedwaterheaterstartingWith[fhedoplone.[Thelincrementlin(steam]
turbineCoutputlisfargestfwhen[disconnectingtheupperfeedwaterCheaters[{the[HP[
ones).[ShuttingloffifheLP@eedwater[heatershaslittle[&éffectldnlincreasingihelsteam]
turbineldutput.[Forléxamplelonly@bout1%dutputgainlisachievedbySwitchingloffthel]
threelllPfeedwaterheaters.]
ItOsCalsobfCimportancetolfecognisethatCalvideTangebfCbutputCgainCisCdirectly]
influencedibythelmagnitudelof(additionallJosses.[Theléxhaustosses[oflan[alreadyl]
smalllLPdurbinel$ectionCor[alimitedcondenser[capacity[tanlespecially(feducelthel]
theoreticalCoutputlincrease.[Therefore,itls[offutmostlimportancefolselectforleachl
applicationiheloptimalldycle@rrangement.[[3.5]0

il
Alparallel-poweredltyclel¢anbel@rrangedlinlaldifferentiivaythaniheloneldescribed]
above.[Onelpossiblelalternativelisiotilizefhelgasiurbinel@éxhaustlin[@iSpecialHRSG
for(Supplyingl@dditional[HP,MP[orLP[Steam[forihe[Steam[furbine.[Anotherloptionlis o]
performSteam(eheatinglihlthe[HRSG.[B.5],[3.30]C

[
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Aldombinationloffanylofihesefwoloptionsiwith[feedwaterpreheatingldanipossibly(givell
theestperformanceland(efficiencyforalparallel-poweredHCC.[Onelsuchlstudylhas[]
beenlCperformedibyBrucknerlCet[&al.[13.5][0n[1992.[Mheylhave[tompared[ 4 different[]
parallel-powered[HCClarrangements[inlwhichlonelgas[iurbinelisfoppedioiwolSimilar]
steam[dycles,@andfhelgasfurbine@xhausthasbeenisedlihfhefollowingays[{asof]
Fig.[3.14):0

1)OFeedwaterheatingihlpreheatersNo.3fhroughNo. 7,1
2)UFeedwaterheatinglin[preheatersNo.1fhroughNo.7,0
3)HoteheatSteam(Supply, [
4)UOHotlreheatSteamSupplywith[feedwaterbeatinglinpreheatersNo.3throughNo.5.0
O

Thelresultsfrom(thel@nalysis@relpresentedlin[Tablel3.3.IT

O

U

Table[3.3: Performancel@omparisonlof@lternativesforparallel-powerediiepowering.{adapted

from([3.5])0

O

O 0 Present(] Alternativesl]

Reheat[] 10 20 30 40
Steam[Plants[]
Gas[Turbine[@Output] MW -0 1x[145.900 1x[145.900 1x[145.900 1x[145.9]
Steam[Plant@utputl] MwWDO 2x[326.800 | 2x[355.6[] 2x[B45.90] 2x[353.5[] 2x[354.8[]
Total[@utput[ MWO 653.60 857.10 837.70 852.900 855.50

AuxiliaryPower] MwO 2x[160 2x[60 2x[160 2x[A70 2x[A70
PlantMet[@utput[] MWO 621.60] 825.10 805.70 818.90 821.50

PlantMVetMeat[Rate[] Btu/kWh(] 988501 92690 949601 92620 92300
BasedOnHHVO O O O O O
(el.l@fficiency, %) (34.53%)0 | (36.82%)[] (35.94%)0 (36.85%)[] (36.98%)C

Increaselih[] Mw@O Base[] 203.50 184.101 199.301 201.10

PlantMet[@utput(] %L Basell 32.70 29.600 32.10 32.40
Improvementihd | Btu/kWh(] Base[ 6160 38901 6230 6550

PlantletHeat[Ratel] %U Basell 6.20 3.90 6.30 6.60

D

0

Theldonclusionsfrom(ihelanalysis(Table[3.3)havebeeniheibllowing:U
Allf4[alternativeslarealidCoptionsHorfepoweringlintheformCof[alparallel-powered]
HCC.[Theldwolieedwater[heatl&xchangerloptionsiseemiolbeléasieriolconnectlintol]
existing[plants,[sincelonlyfeedwaterpiping[connectslihelgasurbineplantohefwoll
steam[plants.[Pressurelandheatosses[arehot[alinajorl¢oncern.[Onlthelotherhand,]
thelheatlfecoverySteam[generatorloptionsprovidel@better(performancelimprovement.l]
[tCmay[seem(thatltheloption[With[(feedwater[heat[&xchangers[should(belmuchless[]
expensive,butlfheecessary@ddition[offauxiliaryStacks[anddampers(raisesfheldost.[]
Theldeedwater[heat[éxchangersloptions[providelgreaterloperatinglexibility, Wwhich s
especiallylimportantfiflloaddyclinglandiwo-shiftldperationlis[donsidered.]
Inlbegard(ibihermallperformance,alternativel4listhebestSolution.]
Thelgasiurbinelperformancelislihfluencedbyldifferenceslinloutletpressurellbssloflthel]
heatléxchangers[and[HRSGs,however,[all[¢talculations[havebeen[performedwith[&l
similarfpressurellossValuebecauselitthasbeen@ssumedihatlallowerpressureldropl]
in(fhelheatl&éxchangersiimighttbe[¢compensated(bytheluiselbffhelauxiliarylstackand[]
dampers(ioriheselalternatives.[]
Theléxhaust[$team[flowlis[fhelonlyldonelivhich[hasbeenlincreasedlabovelitsloriginalll
value.Butlthislihcreaseloflonly[7%[¢an[generallybeMandledlfthe[Steamfurbines(arel]
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notlback-endbaded[orihePbladinglis[designedforlalbowlmassflowlimit.dnSuchal]
caselihellLP[steam@urbinelpath[¢canbelteplacedWith[@[more[@dvancedldesign.[This
canlleadfol@n[additional[performancelimprovementlof[About[16[(MW [{2[1o[B%)[bver[]
alternative[1 [{forbothisteamurbines.]
InCtegardolémissionldischarge,fhel$pecificONOx[émissionsiperlgenerated[(kWhlarel]
reducedfor[allCalternatives[{withClow-NOx[burnersfor[thelgas[turbine).CAOargerl]
improvementldanbelachievedwithfully-fired[HCCplant,[@speciallyiflow-NOxDurners]
arelalsolfittediolthelSteam(generator. [
InCcasesCwhereargerelativelyCnewexistingCsteam[plantsCrevealOaCpotential Cfor(]
uprating,thelparallel-powered[tyclelapplicationlisCanlattractive Loption.[Thelspecificl]
costsor(suchparallel-poweredfoppingcanbeAslowlasiheléxpenses(foruilding@C
new(simplelgdyclelgasliurbineplant.(WithoutmodifyingihelSteam[furbinelLP flowlpath,]
theldapacitylincreaselofl@xistingSteam[iurbinesimightbe dimited.[3.5]0

il
Beforellhelendlof(ihe[1990-ies,dherehavebeen16ully-fired[CClorl¢oal-firedIHCCL
powerlunitsinfoperationih[Germany,[another[11initsihiheNetherlands[andlSeverall
suchln[Austria.[Eomelbf(themChavebeenChewly[designed,WhileCmost[havelbeen]
repoweredlold[steam[boilers.[(Fuels[tangedromUhaturallgasFor(bothithe[TClAnd[BCL
throughCdistillate[oils[{for[peak-load[tovering)tovarious[typeslbf[toalforthe[BC.[
Severalllarge-scaleplants(arelinloperationalsolihlJapan.[3.27],03.31]0

[
TenSteampowerlinitslin(taly(havebeenlfepoweredwith[gasfurbines[{oneperunit)]
infeedwater[preheating[donfiguration.[This[hasbeenlfhelobjectiveoffthetalian[Public[]
Utilitylong-term[planforalsignificantlincreaselihmet(d¢onversion(éfficiencylofthe[éntire[]
nationallSystem.[[3.14],[]B3.25]

[
AlllDutchlrepoweredlnits[havebeenlhaturalCgasdired[steam[generatorsCtombined]
with[haturallgas(iiredgasurbineslntothotiwindbox{ully-fired¢ycleslofVarious[sizes.[]
ThisCwasOalresultCofCanCextensiveprogramforCincreasingcycle CefficienciesCandd
improvingJ naturall] gasl] energyU utilization in0 thed NetherlandsO with(] minimum3
expenditures,[tarried[outlduringhe1980-ies[and[1990-ies.Eleven[haturall§asired]
steamlunitsthave[beenioppedbylgasiurbineslinCanleffortliolprovidelbetter&lectricll
efficiencylwhilekeepingihepowerloutput[tlosedofhedevellof(ihelbld[$teamltycles.[]
Additionallpowerhasot(beenhelihcentivelinltheNetherlands,fatherfhelihcreaselihl]
efficiencylwith[fheeast[possiblefinanciallburdenlonly.[Thelsteam[furbineshaveeen]
operatedWith[tlecreasedlbutputleéver(sinceltheltepowering.[Provided[that[feedwater]
preheatinglis[done(fo@Mighlextentbyfheboilerléxhaustigases,fheldecreasedlbad(ofl]
thelkteamlturbines[ensures(ktable[bperation[Wwithout[the[heedtolrefurbishthe[LP
stages[and[theltondensersforChandlingthelincreaselin[steamflowldueltoltlosed]
steam[@xtractions.[3.31],[B.24],[3.23]0

O
Thele&fficiencylimprovementloflthe[DutchfepoweredstationsChasbeen[5-6[%opointsL]
overCalbroadpowerlrangefrom1B30%[to[1100%[load.ITheCaveragevalueDofthis[]
improvementland[dorrespondingfuellsavingsVariesfrom[14%points@tiheloriginal full]
load[¢onditions[fo[18[%opoints[at(50%[part-load.[Evenatiminimumlloadfhe&fficiency]
improvementlisftemarkable.[Thisls[llustratedlon[Fig.[3.17.[Dutchiepoweringprojectl]
is(basedon[GT[Hechnologyfromlihelmiddle[@f[1980-ies,Withlaverage G T[Simpleldyclel]
efficiencyof[131-34%.lf(repoweringllisCconsidered Cwith[theCDadvancedUrecent G TO
technologiesCivith[efficiencies[bf[(B4-36%,additionalCimprovementbf[(2[Popointsforl]
theselpower[Stationslis[possible(]3.31].0

61



Hybrid[Combined[CycleswithBiomassandWaste[FiredBottoming[Cycle.[Aliterature [$tudy. MMIIIIITMiroslavPetrov, [Feb20020
Chapter(3:[HistorylandDevelopment@f(HCC.[HCCWith[Coal-FiredBottoming[Cycle.[l

NOx[@missionsihavebeenldecreasedlinlaverageby[40%,thanksfolthelower@amountl]
of(fuelurned[{10-15%[decreaselin[{fuelltonsumption)@&ndihe[changedtombustion[]
environmentlh(thefully-firedboilers(]3.23].I

0
2 50 1 -
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Q O
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< O
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Fig.[3.17: MEfficiencyimprovementlofloneofthed
30 i representative[Dutchpowerlstationsbefore AndIl
200 300 400 500 600 700 800 aHfter[fepowering.d{from([3.31])0
Power in MWe 0
0
0

InfAustria,[@noldfully-fired[CCMnit{in[doperationSince1976,With[dillAnd[gas[@s[Steam[]
boilerfuels)hasbeendetrofitted bytheladditionloflamewlargerlgasiurbine,[donvertingU
itlhto[alnixedfully-fired[&[parallel-poweredldycle(]3.32].[Thelold[72MW G Téxhausts[]
into[ihelsteamlgenerator({totalluinittpower250[MW)Wwhilefheléxhaustlgasesfromihel]
new150MW I[GT[areuitilizeddor[producingladditionall$teamOn[@MHRSG.[Theloverall
cyclelefficiencylis[faised[to[almaximum[bf[49%,[Achieved[at[B5%[part-loadLof[thel]
steaml(generator.[]B3.32]0]

il

In[general,hybrid[éombined[¢yclepowerllinitsiwith[¢oal, [billormaturallgasfired[BCON
various[scaleslexist[AlsolinCalmostlallCtountriesCin(Western,[Northern[and[Central[]
Europe,@siwelllaslin[Thailand,[ChinalandiheWSA.I
Largeloperationalland[maintenanceléxperiencellhaslalreadyeenldbtainediromihesel]
plants.[l

Il
Almostlalllargelindustriallgasdurbinemanufacturersihave[presentedteportsfoniheir]
products’[feasibilityCandtompatibility(for[fepowering[bldsteam[unitsCinCany[tycle
configuration.[Examples(@rel]3.36],[08.41],[03.5],083.4],08.42].00
Severall¢aselstudies[{notieviewedlhere)ldonldesign,[constructionandperformanceofl]
specificllinitsthave@lsobeenpublished.[

il
RepoweringwithCadvancedlCgas[turbineltechnologies[haslalso[beenproposed.[Thell
comparisonibetweendoppinglalsteamplantiwith[¢onventional (G T [or[partial-oxidation[]
GTOh(B.21]lsGustl@nel@éxample.[
Steam-injected[dasiurbines[should@lsobe(Suitablefbriopping@pplications.]

0
Amonglalllstudieslonléxternallyfiredgasiurbineltycles,[al¢coallandhaturallgasired]
cycleOwithCindirectly(externally) CheatedCgasCturbineCworkingCfluidChasCalsobeen(d
proposed(]3.33].[Atoal-fired[{urnacesuppliesiheatofhecompressedlairforihelgasl]
turbine,CafterCwhichChaturalCgas(firingiftsCthe[temperature[upltolthetequiredlinlet[]
conditions[for(the[GT.[RemainingCheat[n[GTexhaust[and[toalfurnacelexhaustlis[]
utilizedby[@$team[tyclein[A[HRSG.[Coallsupplies[(b5%[of(theheattequiredbyihel]
GT.[ThelgycleluisesAfuelinix[of[65%[¢coalland[35%[naturallgas.[Overall&fficiencyof[]
thelSystem[eéxceeds[47%.[[3.33]
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AHCCIpowerplantidomposedofalmaturallgasiired[GT@AsTCAnd[APFBCAsBChasl]
beenlstudied[bylanlinternationalCgrouplofltesearchersromluniversities[in[UK,[taly[]
and[Germany(]3.11].[Theylhavel¢oncludedihatifheAddition[of(aHoppinglgasfurbinel]
overlal[toal-firedC(PFBCL[boilerCtanlsubstantiallyCimprovelthelbverallefficiencylandl]
decreasel&missions.[Thelinputlofisomelhigh-quality[fuel{natural[gas)throughChigh-
temperature[T Clhas[the[same[positive[éffectloverthe[PFBClcyclelefficiency,@slover[]
thelStandard(Steam[gycles’[éfficiency.[[3.11]0

l
Applications[bf(lgas[turbinesforCsupplyingCpreheatedCcombustionCair[forCindustrial]
furnacesUhaveJalso[lbeensuggested.[ISchemes[IforsuchtypesUoflicogeneration]
arrangements[suitingCvariousCindustrial(settingsCare (quite Cattractive. [TheCrequired
modificationsoltheleéxistingleéquipmentlmustbe[carefullylévaluated.[Certainfechnicalll
problemsithlinstallationand@ype[offheHopping[G T iustbeAddressed, Asivelllas]
thepossibleproblemsCwith[controlling[theturbine,thefurnaceCandthelindustriall
process.[Investmentldostsicanelexpectedfoelowlénoughforthe@applicationfolel]
viable.[[3.8]0

O
As[altonclusion,litCmustlbelhoted[thatCany[possibleCtombination[betweenlalChighl]
temperature[T Clandowerdemperature[BClisWiable[&nd{easible.[Numerous[s$tudies]
havelbeenl[performedlandlpaperspresentedlonVariouslideasforChybridCcombined[]
cycleswith[nuclear,[geothermall@nd(Solarpoweredbottomingldyclesforléxample.
Forlinherentlylow-temperatureheat[$ources,[alcombinationwith[@Zoppingltyclelisall
simpleCandcheapOwaytolincrease[theCefficiencyof[theirCenergyCutilization.[OThed
thermodynamicbackgroundloffsuchlimprovedperformancelisihelsamelas[forl¢oallor[]
biomassl(firedbottomingldyclesWithfoppinglgasiurbines.
However,Othe[Jpossible[cycleCconfigurationsUofJaltoppingCicycle CcombinedCwithUall
nuclear,solarforCgeothermalCpowered[bottomingltycle@arelfestricted[toltheparallel-
poweredlarrangementWith[superheat[by[the[TCle&xhaust,[(becauseltheBClis[hot[al[]
combustionldycle.[Repoweringmuclear,[Solarlor(geothermallpowerplantswithfopping[
gaslturbinesCorCevenOwithOtoppingisteamOcycles[havedbeenUproposed,Cincluding
feedwaterCpreheating[forCkteam[tycles[bylkolarCtoncentrators,Chuclearfeactorsorl]
geothermallheat.[]

O
Onelperfectléxampleloflalmewlyldonstructedllarge-scalelparallel-powered[HCClarelthe[
“MapLTalPhut’wo[R30CMW ¢ unitsCinThailand.[OTheyChave CbeenCinCcommercialll
operation[since[March[2000@&nduisematurallgas/oilland¢coallasuels.Theplant(has]
beenlspeciallyCdesignedioltakeadvantagelbflalllpositive[featuresthatCalparallel-
poweredHCCIdan(offer.(t[SupplieslthermallénergylihfheformoflprocessiSteamiblihe]
locallindustries[@nd[usesboth{uelslinVarying[guantities, [accordingdo@ctuallmarket]
prices.[TwolgasHurbines[WwithiwolparallellTHRSGs[provideHeedwaterpreheatingland]
steamlfeheator[thelsinglesteamurbinelin[éach[unit.[(Main[steam[With [subcriticalll
parameterslisigeneratedinALCFBboilerlin[éachlunit.(Process[steamlis[éxtracted[atl]
twolpressures,[beforelfhe[HP BT [$ection[and[afterthelfeheat.[Thefatio(between[ST
outputfandcombined[GT[butputforLeéachlunitlis[2.3.[INet[&lectricalléfficiencyforlihel]
unitslis[43%.[Theplantishows[extremelilexibilitylanddowlcapitalléxpenditure.[lLargel]
amounts[of(HPprocess[steam[canlbelsuppliedWwithout[theltisk[ofCbverheating[thell
reheater[fubes,[duelfolihefactihatieheatinglis(providedléntirelyby[GTéxhaust.[Thel]
hybrid[¢onceptshows[allunningl¢ostl@dvantageloflabout[9%[felative[folseparatelgasl]
and[steam[units.[3.19]I

Fig.[3.18[Showsl[iheldyclelayoutlofithe [powerinits.
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Fig.[3.18:TheheatbalanceldiagramforfhemewHybrid[Combined[CycleMnitsin[Thailand. Eachinitidomprisesioneldoal-fired[Steam[]
generatorwith[Subcritical[Steam[parameters,0nel[$T,fwohaturallgas(iredigasurbinesiwith[fwoheatfecoverylnits, [providing fullfeedwater]
preheatinglandieheat{orfhel$T.[{from([3.19])J
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4.[HYBRIDICOMBINEDICYCLESIWITHBIOMASSIORMSWIII

ASIBOTTOMINGIFUELO
W
As[pointed[butlin[thepreviousLthapter,traditionallyChighCpercentagelbffossil-fuel-
based[powerlgeneration,draditionallylhighldemandorhigherléfficiencies{because[of[]
insufficientChatural(fesources[@s[tomparediolthel&nergylheeds)[andldesireforfuell
diversification,[asOvelllas[@[fgoodbaselforiivorkldonesearch,[@onstruction@nddestingd
weretheOprimaryOincentivesCforOdanyOcountry’stinvolvementlinOcoal-fired DHCCO
development@ndlactualldonstructiondf(HCCMUinits.[
Theseldanfeadily[@pply@lsolioiheldevelopmentiofibiomassorMSW iired[HCC. [
Another@dvantagelofbiofuelsthatinustbe @gain[émphasisedlisiheocalAvailability ]
of(uchltenewablelenergy[5ourcesandlthellowerCenvironmentallimpactfrom[their(]
utilizationfor@nergypurposes,(dompared(ibfossilfuels.
W
O

4.1.MHCCWwithBiomass(asBottomingFuel

l
Almostmopublications[@tlinternationalforumslare[available[as[afeference,fegarding]
combinedtycles[with[biomass-fired[bottomingltycle.[No[paperChas[beentevoted[]
entirely(toChybrid[biomass[toncepts.[Theyl[havel[kporadicallyCbeenCmentionedbnly[]
togetherlwith[gasificationloptions.[Researchworkland[publicationslonbiomassénergy[]
utilization[{apartfrom(helliquefactionfechnologies)haveostlyfeatured Nariouskinds[]
of(power[tycleslincorporating[gasification,[externally{indirect)fired[gasturbineslor[]
directffired[gasfurbines.]
InCFact,Chiomass[kexternallyfiredtycles[have[attractedCasCmuchCattentionCas[toall]
externally(fired[0ptions.[AlGonsiderable[@amountloflfesearchiworkfesultingih@mumber
of(publicationslonbiomassléxternallyfired¢ycles[andbiomasslgasificationlhasbeen]
performedlihfhelEnergyProcesses(Division[atlKTH. I

Il
ThelsolidHueldiredbottomingleycles,[however,Whetherlas@[$teamRankinel¢ycleldr[]
asCanl[kxternally-heatedairCturbine[Brayton[tycle,[havel[hot[been[kxtensivelyCand]
comprehensivelylévaluatedlinldombinationwith[@fopping[dycle.[Nevertheless,linterest]
in[actuall¢onstruction[of(Suchinitslisigrowing.[SeveralhaturallgasandbiomassHCC
unitsCexistCandthey[WwillCbe[presentedCandlteviewedlin[TThapter[6:I'State-of-Art[bf[]
Biomass[HCCIlih[Swedenlandltsneighbouringldountries”.[]

0
InCwhat(probablylis[thelbnly[televantLtonferencelpaper,[SpathCand[Overend([4.6],0]
1996,[mentionCalresearchprojectCundertakenCat[the[NationalCRenewableEnergy[]
LaboratorylinUSA.[They[presentthelconceptlofinaturallgasired[GTeombinedwith[a[]
biomass[tombustor,fogether[Wwith[gasification[options.[BothFully-firedCand[parallel-
poweredarrangementsUof(JallG T Dand[bottomingbiomasscombustionChave[been(]
consideredViabledordurtherCévaluation.[Theltycle[¢onceptsarelonlyloutlinedlinthed
paper,(Wwhile[it0s[s$tatedThatfurtherfivorkWwilltbe[donelonldetaileddesignlofiheltycle]
arrangementsJandonOtheirdperformancelJandJeconomiclanalyses.[0TheJauthors[]
concludethatUbiomasscombustionUcombined CwithOaUnaturalOgasUfired DG T His[Call
promisinglé¢oncept, [if[Wtilization[of(biomasslaslénergy$ourcelisfoelincreasedlinlihel]
nearCfuture.0dThelcycleUOconfigurations,JregardingbiomassBCLcombustionJ(notd
gasification),[proposedbyhe@uthorsforfurtherlévaluation,@relpresentedlon(Fig.[4.1[]
and[Fig.[4.2.04.6]0
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Thelmostltelevanttiorkldnbiomasslandlhaturallgasfired[HCC[$ystems,thoughlhot[]
presentedlinternationally,(hasbeenldonelinfheorm[oflindustriallteports[by[Swedish
power[productionftompaniesCandlin[the[form[bfCMSc[theses[{diplomaltheses)lbyl]
studentsatiSwedishliechnicallniversities.

O
Infan(articlelin(the[(Swedish[éngineeringinagazine[Mekanisten,[(Bkoglund]4.5](1996,
presentsihelidealof[convertingfonelobldloil-firedbowerl$tation, [bwnedbyStockholm
EnergilAB{now(BirkalEnergilAB)[And[Wworkinglin[condensinglmode, linto[a[biomass-
firedHCCQwith[haturallgasdired[GTAs[T C.[Aparallel-powered[¢yclel¢onfigurationn]
CHPInodewith[feedwater(preheatingbyfhe[G Texhaustls[suggested@ndl@xamined.[]
Results[from[technicalCandCeconomicalCtalculationsCarepresentedlinlthelarticle.CAL
conciseflowchartlof(ihel¢yclelis[provided.Part-load[performancelislalsol¢onsidered.[]
Theltonclusionlis[positive,lindicating@hatiheproposedltonversionlofthelbldpowerl]
unitsfis[Very[attractive,[providedthat[haturall[yaslis[availablelin[the[Stockholmareall
and[@lectricity[prices[grow(slightly[abovepresentlowlevels.[4.5]0

il
InCalresearchtudyCat[VattenfalllUtvecklingDABLin(OSweden,[(Bergman(]4.1][11992,
estimates(ihe@pplicabilitylof(biomassHCClsystems[as[A[CHP[nitslin[(Sweden.[Both[]
fully-fired[{series[coupled)andparallelCpowered[tonfigurationsCof[(both[gas[turbines]
andldieselléngines[as[TClhavebeenlshortlylévaluated,Hoppinglalbiomass-fired[CFBL]
steam[generator.[Theldycleslareldalculatedfor[GOMW [district(heatingheatlproductionl]
with[70%[share[ofbiomassiuelloflihelfotalfuellinput.[Part-loadperformancehasbeenl]
anlimportant[partloffhelStudy.[Exactldycleld¢harts[@ndflowtalues@remotlprovided.TCO
fuellisOightuelloilCoriquefiedpetroleuml@as.[(Backpressureleffects[on[gasturbinel]
performancelarefakenlihtol@account. ]
ThegeneralCtonclusion[bf(thestudylis[thattHCCkystems[presentlonlyCmarginalll
efficiencylgain[overl$eparate[plantsiwith[$Sameltomponents[and@re[hotlattractive.t[]
has[beenldlecidedfolabandonurtheristudiesonlihis(tonceptland@olconcentratelonl]
indirect-fired[GT,[poweredéntirelydybiomass.[4.1]0]

il
InCanotherCmoreklaboratelinternallteportCatlVattenfalllUtvecklingCAB, W estermark[]
[4.7],1992,[presentsVarious[HCClconfigurations[{of[$Specific[G TModels) with[¥arious[]
BCuels,including@lsoiofuels.Differenthybrid[¢ycles[@re[suggested,modelledand]
evaluated.[Severallgasurbines[arel¢onsidered[as[T C,lhcludinglalsolalshortistudylonl]
advanced[GTwith[steam[teforming[andéxternally-fired[GTOn[AHCClLtycle.[Several ]
exactloperationallorprospectivelapplicationsiofliheseld¢ycleslare@lsolpresented.Thel]
gainCinCefficiency[dueto[coupling(the OTC[to[the(BCand[part-loadbehaviouris[]
indicatedforSomelofltheldonfigurations.[4.7]

O
Kunert[J4.4]0nChistMScihesis[atltheDivisionlof[(Heat[&[PowerTechnologyln[KTH,O
Stockholm,[1995,(has[inodelled[and[talculatedVarious[tycle[tonfigurationslof[AlG T
combinedlwithibiomassoiler=-[@fully-fired[HCC,[alparallel-powered[HCCland[afully-
firedOHCCDOwithObiomassCdryer.CAllCcyclesOareCoptimized COforOmaximumUCelectrical
efficiencylatSimilarlpowerloutputsiandSimilarhaturallgasiobiomass[fuellratios.More[]
preciseltalculations,[together[With[part-load[performancesCandldiffering[biomass[tol]
naturallgas(fuelatiolStudies[are(Suggested@sfutureiwork.]
Thelresultinglefficiencylgainsbyltombining[the[GTWith[biomass[boilerfand[(ET[arel]
presented(in(Fig.[4.3.[Thelork[of[(Kunertlis[fhel¢losestloneothefypeldoftorkdhat[]
willlbelperformediihhelprojectiwhose(irstiSteplisthisliteratureStudy.4.4]0

O
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Fig.[%.3: O Efficiencylgain[{in[percentagelpoints) forVarious[biomass[and[haturalLgas(HCCO
configurations:Parallel-Powered [CC{PPCCED.3@nopts), IFully-Fired[CC{FFCCE-[1.1@opts) O
and[Fully-FiredCCCwith[Fuel[Dryer[{(DF-FFCC[-[B.3[Yopts).[Thelexpected&fficiencylofthe[
simplelsteam[dycleWwithfuelldryerlisldenoted@sDF-STC.[All[¢ycleshavebeeninodelledwith[]
similar[dverallldutputsi@ndSimilarhaturallgas-to-biomassfuellfatios,ihldondensingthode. Il
TheldashedUine[5hows[expectedlefficienciesfor[tycleslwith[integrated[biomassldryer[forl]
varyinglbiomass-to-gasuellratios.[Theleycle[With[biomass[dryertanbelexpectedtolshow(]
efficiency[@ain[of(1.4@optsloverhelineanefficiencyloflseparateSteamand[GTLeycles.[Thel
calculatedéfficiencylgainordheldycleWithbiomassidryerhas@ctuallybeenhigher,[3.3@opts
overlthelmhean(éfficiencyline.[(from[4.4])0J

O

W
OnelguiteCcomprehensivelandVery[televantfesearch[Wwork,[Egardletlal.[J4.2],Chasl]
beenperformedCunderSydkraftCKonsultDABLCInCSweden{laterCrenamed[to[0Sycon[]
EnergikonsultlAB).[Thelworkhasesultedin[ajbinteporty[SyconEnergikonsulttABO
andfhe[Departmentlof(Heat[&[Power[Technologylatlundnstitute[df(Technologylin[l
Lund,[1999-2000.[Thefirsthalfloflthe [feport(writtenbyEgardandSteinwall)[describes[]
existinglHCCplantsinfsweden[and[Denmark,@ndcarefullyléxaminesihelpossibilities]
andihel[potential@orleonstructinglHCCplantstin[CHPmodelin(Bweden.[Thelauthors]
concentrate[dbn[parallel-poweredl[tonfigurations,includingihe[tonceptlofltepowering]
biomass-firedlCHPUOplantsOandUOhot-waterCboilersOwithOgasUOturbines. JExhaustive [
economicldalculationsiwith[Sensitivity[@nalysison[dosts[@arelpresented.Il
InfheSecondhalfloffhe[binteport4.2]writtenbyHakansson,[Assadi@nd(Torisson]
from[ihelTechnicallnstitutefin[Lund),[thermodynamic[talculationsLof[three[different[]
HCCLCHP[onfigurationsUarepresented, [ togetherCwith[sensitivity[analysisCon[the[]
overalllperformancelfromiNaryingBClparameters.[Theldonfigurations(sStudiedlinclude@l]
fully-firedldycle,[alparallel-poweredldyclewith[parallellSteam[generation@ndalparallel-
powered(tyclelWwithfeedwaterpreheating, @AllHoppedbythemewlG TX100[gasfurbinell
fromCABB,Chow[Alstom[Power[Sweden[JAB.[TThelkonfigurationsCare[modelledCwith[]
varying[ChaturalCgas[to[biomass[fuellinputltatio,byCvarying[the(BC[fuellinput.JAnC
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attemptllisOmadelltolevaluateltheCefficiencyJadvantagesof[lthe[Imodelled Ohybrid[]
configurations[éomparedfolihel@verageperformanceloflfwolseparateluinitsbasedlon]
thelgivenfuelltatio.[However,[fhelpowerloutputlofihesimple[GTIeyclelislisedinlthe]
comparison{simple[(GTCaslindependent[userlbflthelgiven[amountLofChatural[fas),[]
instead(offhe[powerldutputfrompossible[GTCC.[4.2]0

Il

WyszkowskiJ4.8]CinChisCrecentCMScOworkCatCthe ODepartmentOof(IHeat D& OPower[]
Technologylin[Chalmers[Wniversity[of(Technology,[Goteborg,[2001, (hasimodelled[@nd
evaluated[aully-fireddIHCCLNnCCHPmodeorlndustrialpplications.[VVariousChaturall
gaslired[gasurbineslareltonsidered@sfoppinglengines,With{ihebottominglsteam[]
boilerCbeingdired[by[Wwood-pellets.[LalculationsCareperformedWith[thearious[OT C[]
turbineslatlVaryingldlegreelbf[Supplementary(firinglin[thebiomass[boilerio[$atisfy[al]
fixedheatldemand.[Thel¢ycles[@reliodelledlonlylin{ully-fired[¢onfigurationfvithout[A[]
steamliurbine,[Alllheatfecoverylisluised@s[processisteam.[Thelainpartloflthe work [
isfathoroughOeconomiclCanalysisCiwhoseOpurposelis[CtoCevaluate Cthe Jeconomicalll
feasibilityJof[JbiomassUandnaturalJgasUhybrid DCHPUOsystemsUinOsuchUOindustrial (]
applications.OThelhybridCconfigurationsCare dcomparedCeconomicallydtoCadsimple
biomass-fired[steam[ICHPktycle,[5imple[IGTLICHPkycle[andsimple[biomass-fired]
steamDoileriwithout@[ST.[
Theltesultsromiheléconomiclanalysis[havelediolthe[conclusionthatthybrid(CHP
cyclesl@remot@nlattractiveloptionforihelihdustrialldonditionslinvestigated.Theirldosts[]
arelhigherihan(thoselfbriSsimplelgas(iurbine[CHP Winits.[4.8]0

N
Alleryliecent[Study([4.3],[performedbintly[by[seniorfesearchers(atthe[Royallnstitute[]
of[Technology{Dr.INabillKassem)[@nd[Chalmers[University[of[Technology{Dr.[Simon[]
Harvey)lin[(Sweden,[2001,[elaboratesfurtherflon[somelinteresting[topicsltelevantiol]
biomass-fired[HCCldevelopment@ndpromotion.TAShortiteraturefevue[dn[HCCwith[
biomass-fired[BClislincludedlinthedinallteport.[Thelcorelof[thestudypresents[an(]
investigationOofCtwollimportantOissues: Cuncertainty (risk) DanalysisCof Chybrid OCHP O
systems[Jby[Dr.[OKassem[Jand[cost-effectivenesstof[ICO,Jemissionsreductiontlin{]
industriallhybrid[CHP [plantsbyDr.[Marvey. Il

AnlindustriallCHP[modellof[2[G T[andbiomass-firedbottomingboiler, ivithout[A[S TN
the[bottomingLcycle,[haslbeenllusedfor[thelsimulations/calculations.t[s[the[samel]
modellasldevelopedlby[WyszkowskilJ4.8](and[describedshortly[above, With[hatural]
gasliired[GT{bppingldyclelandiwoodpelletsiiredottomingoiler.
AlstochasticCmodellingioolorlidentifying,[characterizingCandChandling[lncertainties]
hasbeen@pplieddoiheHCCltalculation[model.dt[provesfobeluisefulforf¢onducting
performanceJandeconomiclevaluations,driskJanalysisCandUfeasibilityOstudies[JofJ
technologyléoncepts(likelhybrid[éycles.Infermslofléconomy@ndldost-effectiveness[of]
COzlreduction,itthasbeenldoncludedhatbybrid[CHP[Systemslihlihdustriallapplication]
withfonlyheat[dgenerationlhiheottomingl¢ycle@relhot[¢osticompetitive.[Aldecreasel]
inlthelinvestmentldosts(forbiofueliring,[decreaselihtheratiolof(biofuellpricefomatural]
gasUpriceJandrevisedOCO,[dtaxationdsystem[CwouldOleadCtoincreasedCeconomicl
competitiveness[oflhybrid[¢ycles.dt[$houldbelhotedfhough,fhatlonlylindustrial [CHP[
applicationsiwith(bottomingl¢yclediredbypellets[{withoutlélectricity[generationlinfhe]
bottomingladycle)havebeenldonsideredlandlévaluatedlihfhelstudy.[4.3]0
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4.2.MHCCWwithMSWI@as[Bottoming[Fuell

W
Onelparticularfeaturelof(anyWaste-to-energylsteam(boilerlis(itheheedZolavoidhigh
steam[donditions,[duelfolitheléxtremelylaggressiveatureloflthefluelgases,whichldan]
quicklyl¢orrodelthelfubing.[Dangerous[substanceslinlihelfluelgaseslincludeliydrogen]
chloride,CmoltenCalkaliCsaltsCandCothers.CAlICbf(themCare veryCharmful(to[the Cmetald
structuresUat[JhighUOtemperatures.[0Usually(the[Jhighestfeasible[isteamOsuperheat]
temperaturelis[@round200°C,while[pressures(are[generally@lsolquitelow. 1]
Furthermore,dhelfluelgaslinfheheat-recoverypathustlhotbeltooleddlownbelow]
200°C,tol[avoidtondensation[bflaggressive[tompounds.TolpreventCenvironmental]
damage,dluelgasiscrubbinglproceduresiare@lmecessity, Whichluinfortunatelyhasigh]
penaltyConlCklectricCefficiency.OTheltesulttfromtheseltonstraintsCis[thattMSW Hiredd
powerLtycles[With[steam[boilersfhaveVeryowlhet[&lectricall&fficiencies,hotlhigher
than[20-25%[atthemaximum. I

O
AlayoutlofadypicalMSWSteamboiler{gratelihcinerator)is[presentedon(Fig.[4.4.Iks]
basiclihermallparameterslarelistedih(Table(4.1.0]

[

Tableld.1:[Typicallparametersibr@MSW-firedSteampowerldycle.[[Adaptedfrom(4.14])0

O

HP[Steam 40[bar,[400°CO
LPSteam[ 3.7[bar,[Saturated]
Condenser[pressurel] 0.1bard
Deaeratoripressurel] 3.5ard
MinimumI(Stackfemperature] 200°CO
Combustion(efficiency[] 0.960
STlikentropiclefficiencyl 0.850
NetElectricEfficiencymaximum)O | 24.9%[{lcondensingode)
O
O
Steam

Secopdary L\] L\

air
Waste \x 2 Water

Ve U

Primary air

Slag

il
Fig.[4.4:[Bimplified$Schematiclof(AMSW[gratelincinerator{steamboiler).[(Superheaterfubes[]
arelplacedldownstream(offhel@vaporatorlihfhehotlgaspath, isuallylwherelgasfemperatures
are[down[{o[600-650°C,@opreventcorrosion.Primarylair(sfedinderihegrate fol¢oollit. AL
layerloflunburntiwastelalsolshields[ihelgrate.[(from[#4.14])0

il
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IfChigherCelectricalCefficiencylis[sought,[thelsteam[can[bel[superheated[tolChigherl]
temperaturesJ(higherCenergylcontents)bylexternalllsuperheatingCwith[the Chelp[Dof(]
cleanerfuels.[ThisChas[beenl[lunderstoodlongCagoandanCexemplary[kcheme[for[]
naturallgasburner$uperheatinglivas[suggestedforl&xamplebyEber[etlal.[]4.11]0n
1989.[Theylhavel[évaluatedIhermodynamicallyfand&conomicallyfaltombination[of ALl
gasliired[superheatinglheatléxchangerl(¢oupledafterlaMSW [iredboiler.[Thelénergy
inputlinhe form[of[gashasbeenldimitedfo25%[of[fhefotallénergylinput,[asldefined
bylfegulations.[Results@romlihe[analysislhave beenpositive,[provingihatl$simplelgasl
superheatinglof($team[generatedn[AMSW boilerCtanlincreaseliheltycleléfficiencyl]
enoughlibbefechnicallylandl@conomically¥iable.[4.11]0]

O
Intact,[higherl&lectriclefficiencyhas[hotiisually(been@priority[in(iastelincineration.[]
Since[uell¢ostlk[hotihormally@nlssuel¢onsideredinIMSW[énergyléconomics,fhereld
havelleennolincentivesforlincreasingl¢yclele&fficiency.lnstead,Simpleldestruction[of[]
theWwastelhas(usuallylbeenfhelmainlpurposelofithelincinerators. I
Butlihis[situationlis[thanging.[RealizingihatIMSWUis[&[$ustainable[&nergytesource,]
availablelin[reasonableguantitiesCinCeveryOargerCcommunity, CelectricCefficiency s
becominglanimportantlissue,fogetheriwithfhedtherlmeritsofburningMSW.[

W

Thelihcorporation[ofltheMSW boiler@slabottomingldyclelinto[@MHCC,wherel@a[T Cldanl]
provide$uperheatingland/or[preheated[combustion(air,[canimprove[ihe[&fficiencyldf]
MSW U energyutilization[substantially.[ThisOmprovementlisftofalmuchCbigger[extent
thaniwhenbiomasslorléoalfired[BClis[considered.[Thus,[HCCIlk[particularly@ttractive ]
fortMSWenergytilization.[
Thelhigh@emperatureloflalgasfurbineléxhaustinakesitiwelllSuited{olintegrationiwith]
alMSW/incinerator.[JExhaustheatUcan[belrecoveredinJa[lHRSG, Owherefurther
superheating[bf(steamtomingfrom[thelincinerator[takes[place.[Utilization[ofIGTO
exhaust[as[preheatedtombustionlairCisCanother[possible[scheme,together[Wwith[A[]
HRSGLorl[hot.[.CombinationsCof(falMSW!Uincinerator[with[atopping[(GTinto[Alhybrid[]
combined(¢yclehavelbeenlattractinglincreasinglinterestisince(somelyears.[Alhumber[]
ofCpublications[have[beenCmade,in[which[variousCtycle[tonfigurationsChavelbeen[]
suggested,modelledandlevaluated.[]

O

ChronologicallythefirstisuggestiondoraMSW EndhaturallgasiredHCC, [presented]
as[d‘combinedltyclelivaste-to-energy”,[has[beenputforwardbylowry[and[Martin[]
[4.15]0h[1990.[Theyleévaluate(aliypicall@arrangementloflalgasfurbineT C,[Superheating]
thesteam[generatedCin(ALMSW!/incinerator[BC.[A[patentChas[beenl[granted[tolthel]
authors(ior(this[éycle[é¢onfigurationbyfheUS[PatentandTrademark[Office.Furtherlin[]
theirlpaper,fhel@uthorsiprovidefesultsfromltheirSimplified[@économicldalculations@ndl]
concludelihatSuchpowerl¢ycleld¢onfigurationsicanbel@économicallylViable,[dependingl]
on[maturallgasprices[andippingfeesfortMSWIdisposal,[ashwellas[onutility[(priceslof[]
electricity.(0TheODshareOofChaturalCgasUfuelCisCessthan150%. OTheCpowerCeyclelis
supposediolproducelmostlyCelectricity[as[alsaleable[tommodity, (With[(a[Very[smalll
amountlof(process[steamldelivered[folprospective[¢onsumers,whichistill[gualifiesihe]
plant@slaldogenerationfacility[fo(SatisfylthefegulatoryStandards.[4.15]0]

O
Korobitsyn[etlal.[14.14],[11999,havelpresentedandkvaluated[HCCLtonfigurations,[]
where[a[GTlhaslbeenioppedloverfalMSW[steamlboilerfwith[the[parametersfroml]
Table[4.1.[(Threeldifferentl¢ases({threeldifferenttHCCL[¢tonfigurations[of(2[MSW boiler[]

71



Hybrid[Combined[CycleswithBiomassandWaste[FiredBottoming[Cycle.[Aliterature [$tudy. MMIIIITMiroslavPetrov, [Feb20020
Chapter[4:[MHCCwith[Biomass[orMSWas[Bottoming[Fuel’

andnaturallgasired[GT)havebeenldarefullyinodelled@ndéxamined.Thedayouts[of[]
thelvariousldycleldonfiguration[dases(arelpresentedlin[Fig.[4.5,[Fig.[4.6[@and[Fig.[4.7.[T
W

Thelresults[areléompiledlin[Table[4.2.0

O

O

Table[4.2:[Summary(ofliesultsfromMSWIHCCImodelling.[((Adaptedfrom([4.14])0]
a

O Referencel | Casel10 Casel20 Casel30
Fuellihput, MW4,:0 O O O O
-fihcinerationboilerd 920 920 920 920
-[gas(iurbine o 100.140 48.440 104.730
TotalO 920 192.140 140.440 196.730
MSWI(Share, %O 1000 47.880 65.510 46.760
NaturallGas[Share, o oQ 52.1200 34.4900 53.240
PowerOutput, MW g:[] 0 0 O O
-[Steamfurbine 22.920 46.460 36.8901 47.790
-[gasfurbine od 31.960 15.480 33.440
Total[powerloutputd 22.920 78.4200 52.360 81.230
Efficiency, %0 O O O O
-basedonlibtalfuellihput[] 24.910 40.81[] 37.280 41.290
-BasedOnBISWO 24.910 28.640 29.540 29.100
SpecificlhieatléxchangeSurfacel O O O O
area,[m?/MW, O 2940 7100 3400 5180

0

]

a1
A

T Waste

\ v
Fuel WQ_I \f:\ S;k Fuel \¢(___
Air A [/_\”/\ 3 far Air l/\ AN

HRSG Stack

Stack

1

Gas turbine Gas turbine

0

O

Fig.[4.5:MSW@AndGTMCClhlparallel  [IIFig.4.6:MSWR@EnNdGTHCCOhhotiwindbox[
configuration.[Casel1lih[Tabled.2.00 1 [MMdonfigurationWith[Superheatingfromhel
(from4.14))0 O O O O MG T eéxhaust.[CaseR(ihTable4.2.0]

0

0o o0 O 0O 0O  [Ifrom]4.14])0
O

0
Korobitsyn@and[¢o-workersihavespecificallylinvestigated[and[pointedloutihelincreasel]
inLefficiencylofIMSW hoiler(and[GTIHCC,[¢omparedWwithfheaverageValuebetween[]
thelMSW boilerteferenceltaseland[alpure[CClplantlbperatinglonlyldonhaturallgas.]
Suchl@aldomparisonls(llustrated[on(Fig.[4.8.[Thelfesultsfrom(Tablel4.2[are[compared]
infthisltespectlinlthelfigure.O
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Fig.[4.7: MSW@ANdGTMHCCIlih[doldWindbox Fig.[4.8: TEfficiency[dainforfhe MSWRAndID
configuration.[GTéxhaustlissedoriSteaml GTHCC.[Comparisonofidesults(ShownihD
generating[parallelibheMSWboilerlandI 0 Table[4.2.[[{Adaptedfrom(]4.14])0
steam[Superheating.[Casel3[h(Table4.2.00 O O

(from4.14]))0 O O O O O il

[

0
Casell[and[Casel[BL{Fig.[4.8)showLefficiencyladvantages[of[2.2[And[2.3[Yopoints[]
respectively.[Case2[Shows[3.6[%6pointsefficiencyladvantage with[évenhigherfatio[of[]
MSW-to-GTHuellinput.0tL€an[bel€oncludedthattheltyclelin[(Windbox[configuration
(fully-fired) lWwith[$uperheatinglin[the [GT[éxhaust,[combinedWith[$team[generationin]
theIMSW!Iincinerator,[promises(ihelhighestlincreaselinléfficiencyloverihe@verage[of(]
twolSeparate[powerlplants,[despitelitsthighSharelof[MSW {uellihputliomaturallgasfuel]
iNputl(65%). I
AnotherfmportantCresultCshownOn[Table[#.200s[thelncreaselinCefficiencyCof CMSW I
energytilizationlitselflin[the[HCC,[domparedliblihefeferenceldasel(simpleMSW-fired[J
steamlgdycle).[Case2[featuresihelhighestlihcrease.Mamely,fhelincreaselihléfficiencyl]
of(bottominguelCutilizationlis[onelof[thebiggestladvantagesloflallChybridlcombined
cycles.[Theltalculation[of[thisCefficiencylincreaselisCsomewhatlarbitrary[andWillCbe ]
furtherldiscussedlih[Appendix[A.3[AShortldiscussionion[dycleléfficiencies”.[]
Thelauthors[alsoléxaminelfhelincreaselinheatléxchangel$urfacelarealin[éachloffhe]
evaluatedlLtycle[tonfigurations.[Again[Case[2[is[most[Advantageous,Ehowinglonly[]
15%l(argerheatléxchangelarealihanlihelfeference.TheldonfigurationfromCase3hasl]
76%argerheatléxchangelsurfacelarealfhanlthedeferenceldase.[4.14]0]

0

Consonnil]#4.10],2000,&lsolSuggestsMSW énergyUtilization[@ycleldonfigurationsiwith[]
alGT[AsALT C{waste-to-energy[CCL$ystems,[$hownlon[Fig.[4.9)@nd[&évaluates(iheir[]
performance.[Helhaslinodelled[alparallel-poweredlcombinedl¢ycledayout,inentioning]
the[advantagelof(keepingiheiwolflue[gasFlowsapart.[This[allows[the[GT&xhaustl]
temperaturelifobelowered(iblitslbwestpermissible¥alue,FarlowerthantheMSW{luell
gasliemperature.[Comparedio[fully-fired@arrangements,fluelgasflowlhroughlihelgas-
treatmentlsystemUisless{only(from[thelincinerator),[Which[allows[$avingsLof(énergyl]
andlOnvestments.[TFig.[4.9[shows[the[mostLcomplex[arrangement[modelled[bylthe[]
author,with[@wo[Steam[pressurellevels[plusieheatlihfhe[HRSG. I

O
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Fig.[4.9:[AMSWI[andhaturallgasiWaste-to-energyHCCISchematic.
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0

Consonnilalsolstresses[thelimportancelbf[estimating[thelincrease Lof(MSW[energy[l
utilization(itself, Lorlin[other[ivords[the[éfficiencylattributable o [(MSWLonly, (ithin[the
HCC.[Thislis[againldiscussedlih[Appendix[A.3.0
Thelresults[dromthelcalculations[howlthatlsuch[HCC[tan[teachl[tlose[to[B6%[het[]
electriclefficiencybased[on[MSW,[infhe@wopressurelplusteheat[configurationwith[]
100arHP[steam[andburningmoreihan[150’000{ons/yearlMSW.[Compared{olthe]
simple[MSW $team[Rankineltycle,fhelincreaselinléfficiencylofl&lectricity[generation]
fromMSW ltselflwithin[the[(HCClis[About1.50imes, [alfemarkableValue.[Such[@l¢ycle ]
configuration[éanprovidel[good[efficiencies[basedonMSW even[atVerySmalllScales.[
IfthelivelSteam[pressurelisbwer{around®5barforlconventional MSW-firedboilers), ]
theCMSW-based[efficiencyls[&tillCover[B0%, varyingCwith[scales.[The (MW S-based(]
efficiencieslof[fheless[complicated[HCC[arrangementsl{onelsteam(pressurelevellin]
thelHRSGLorAwol$team[pressurellevelsiWithoutteheat)[areaboveB0%, Linless[ihel]
scales(@relerylSmall.(]
Consonnilhasl@lsolperformedihhisStudylalfthoroughléosti¢alculation[andléconomicall]
analysis[ofJMSW UenergyUutilizationOplantsOofOdifferentCcapacitiesCifor[JEuropean(
conditions.[He[pointsCout[thatCone[SpanishCengineeringCLtompanyltlaimstoCholda]
patentlon(aldycle[donfiguration,Similar{ofheldonehodelledlinhisistudy,[andihatSuch[]
alpowerunitlisDeingDuiltih[$pain(2000).04.10]0

il
Otomalet[al.[4.16],[1997,[(haveperformedlalife-cycle[@nalysisoriheproduction[of[]
electricbowerbasedldon[MSW/nhcineratorslin[Japan.[Theylhavel[évaluated(ihe[&ctuall]
powerloutput@romihe[MSW [plantl&ndihe[Actuallfeduction[df(CO,[&missions,faking]
intoCaccountthelin-houselkenergyltonsumption,energyfor[plantCtonstructionand]
O&M,energydorLtonstructionfofL(MSWLollection[VehiclesCandfuell€onsumptionfor[]
collection[ofMSWirom[algiven(area.[Theiesults[fromiheirl¢alculationsshowlthatfhe[]
energylproductionfromiheivaste-to-energyplantis[®.50imeshigherihanihelénergy]
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involvedlinCtonstruction,[bperation[and[naintenanceloverltheWholelife-cycle[of[thel[]
facilities.[Bimilarly, [fhelavoided[CO,[émissionsiivere[éstimatedfobe[4.1Himeshigher[
thanlthelémitted[CO,from[donstruction@andldollectionv¥ehicleldperation.[]
Otomaland(¢o-workers[alsolevaluate[fwoloptionsforfoppingAMSW oilerwith[&lgas[]
turbine,havingabaseldcaseMSW oileriwvithiVerydow[Steam[characteristics:[pressurel]
of[27.5bar, femperature6f(300°Cland@lectricléfficiency@round15%.[4.16]0

W
InCFact,[JapaneselwastelincineratorsCwith[Jsteam[turbines[haveltraditionallyCheen
designedwithveryow[steam[parameters, femperaturesof(300°Catmost, [in[orderfo]
diminishCasCmuchlCas[possibleltheltubeltorrosion.[Consequently,(powerlgeneration]
efficiencylih[JapaneseWastelincineration[plantslis[@around20%@tbest. I
Corrosiondrom[flue[gases{hydrogenlthloride[mostly)starts[toproceedquicklyat]
320°ClbrCmore.[However, [steam[parameterslin[Waste-fired[boilersfnEuropelieach]
380°-400°C,[as[imentioned[Abovel{seelAlsolTTable[#.1).[ThisChas[probablybeen[Al
resultCof(thelhigherlincentivesOnCEuropeForCutilizationCofCMSW Cenergy[with[better[
efficiencies.[Consequently,(shorterlifetimeforthe[SuperheaterCmustlbeltoleratedin[]
MSW-firedWinitstwithigherlefficiencies4.19].[A[Stablefrendfowards[élevatedsteam[]
parameterslislalsolpresentlin[JapanChow,With[hew[plants[@lreadyliorkinglatthigherd
steam[iemperatures[and(pressuresCandlaldevelopment[planfunderfWaylto[achievell
30%[powerlgenerationléfficiencyWwithSimple[RankineMSW-fired[dycles.[4.18]0

W
ltolet[al.[4.13],[1996,havelperformed@ldarefulmathematical@nalysis[ofthe[@économicl
andlenergyltharacteristicsLof(aAlMSW [boiler[ioppedby[A[GT,lin[togenerationCinode]
(calledbylthemlafsuperiwastelihcinerationplant”),forlJapaneseldonditions.[4.13]]

[
There[havelbeenlthreeLMSW/Uincinerators[toppedbylgaslturbineslin[bperationCin[]
Japan,[as(0f[1997.[[4.16]0

Il
Wiekmeijer[4.19]0vas[among[iheirstopropose@ndlévaluate[HCCLtonfiguration[ofl]
MSW/ncineratoriwith[@opping[GTN[1990.[Helstressesloniheparallel-poweredlcycle]
arrangementwith[économiserfandinal(superheaterlin(the(HRSGbehindfhe[GT.[Hel
alsolfeviews[some[financiallaspectsloflsuchl@pplications[andpointsloutihatihelprice
for(theadditionalCpowerlis[Veryow,especiallyCcomparedtoltheVeryhigh[Specificll
investmentldostsiperunitigeneratedipowerih(SimpleMSW-fired[Steam[dycle.[4.19]0]

O
AlternativeldptionsChavelalsolbeensuggestedfortoppingCtMSW-firedsteam[boilers.[
ForCexample,[steam-injected[gas[turbines[canlbel&xpectedtoHittwellin(MSW-fired[
powerlunits, Simplifyingfheldyclelarrangement4.17].[00
Coal-Lorloil-firedsteam[boilerslinCparallelCtonfiguration[WithCAa[(MSW(UincineratorCare[]
other[possible(@rrangements.Forléxample,[steam[generatedin[2[MSW [boiler¢canbe]
feddo[al¢oal-fired[steam[dycle,WherelSuperheatingl@ndléxpansionlihfhe[STogether[]
withlfthelgdoal-generated[Steam[¢an(easily(fakeplace[4.18].]
Biomass-fired[steam[boilerCcanCalso[servellasCalsuperheater(forCMSW-generated[]
steamlih@[parallelldonfiguration.

W
CertainltesearchCand[promotionCofChybridCtonfigurations[forcMSWCincineratorsChas[]
been(faking(placel@lsolinheformof(studentprojectsiandBScliheses,[forléxamplelih]
Italy#.10].0ID
One[Swedishléxamplels[aMSclihesis,[Holmgren[R.[4.12],[performedinder[Sydkraft]
KonsultCABLON[1998.[ThermodynamicltalculationstWwith[$ensitivityCanalysis[ofLoverall]
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performancelonBClparametersfandl&économiclévaluationsiwith[$ensitivity[Aanalysislof[]
costslare[presentedUinUtheCthesis.[OThreeldifferentIHCCCconfigurationsCofJal0G T
combinedWith[A[MSW-fired[boiler[are[tarefullyliodelled[in[(CHP[mode:[afully-fired[]
cycle,[@lparallel-powered[tyclelith[parallellSteam[generation@nd[alparallel-powered]
cycle[with[parallelCsteamCgeneration[anddinalCsuperheatingCof[allCsteaminthe (GTO
exhaust.[Different[scalesCofLMSWUlincineration[arel[tonsidered,felatingCtoldifferent]
amountoffutilizedwaste[peryearfromrbandentersiofdifferent(Sizes.Ihvestigation[0f[]
increased$Superheatinglemperaturefand[pressuredorallldifferentCeonfigurationshas
beenldonewithfhe@im{ofind@ndptimumperformance,[despitefhefactihatonlylonel]
ofltheléonfigurationsluse(finallSuperheatinglihthe[GTéxhaust, WhilehigherSuperheat]
temperaturestinthe[MSW!/(incineratorCare[hotCeconomically[justified. CAnCattemptlisC]
made[folévaluateliheladvantages[oflthelmodellediybrid[donfigurationsbyldomparison]
withlexistingMISW-fired[CHP [plants[@and[GTCCIplants.[[4.12]

il

AllecenteportbyBartlettndHolmgrenK.J4.9],[2001, [describesihe[Garstadwastel]
incinerationthybrid[CHP [plantlih[Linkoping,[Sweden, [Andlihvestigates(the {feasibility[of[]
convertingfhelgasurbinedyclelintol@nleévaporative[G T [¢ycleWhilefaisingfhelsteam
pressure,[thusCimprovinglthe[performance.[ThelstatementsCmadelin[thelfeport[arel]
supportedCbylextensivelsimulationsCand[talculations[bf[the[tycle[modifications.CANnC]
insightihtoltheleffectlon[CO,[@missionslandIdistrictlheatingllbadlis[@lsolprovided]4.9].00
Thel[Garstad[CHP[plantias[¢onstructedlin[1994[and[is[Aperfectléxample[of @IMSW O
incineratorfandlgasurbinelhybridléombined(¢ycle,[Where[the[GTéxhaustlisliised{or]
superheating[offalllsteam.[Alcomprehensiveldescriptionloflitsiéonfigurationlislincluded
in[Chapter(®.]
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S5.MSPECIALIATTENTIONOOU

INTERNALICOMBUSTIONIENGINEICOMBINEDICYCLESICECC)
0
l
Thelissueloflécombined(dycle[@applicationsforICEhas@lways[sparkedlineasyldebate.]
Beinglwidelyusedprimelmoversiwith[goodfhermalléfficiency,fhisteryfeatures(oflthe]
ICEthatCmakelthem[CunrivalledCinCmostCindustrial,[(transportCand CCHPCapplications, [
actuallylarelthelreasonslibr(theirfunpromisingperformancelin[éombined(dyclemode.
0
Internallcombustionléngineslareiraditionallylémployedihumerous@pplications,withJ
powerloutputsdromessihan 1 kW [upHo40-500MW [perlunit.[They[areteliable[and
well-developed[primelovers,Heaturingfhehighestihermal{mechanical)&fficiencylof[]
allsimple-cycleheatléngines.[As[¢omparedfofhelgas(iurbines,pistonleénginesiulein]
theOow-powerlrange,upiolseveralIMW,[Whereltheir[efficiencylistimuchlChigherthan(]
thatlof[a[G T with[Similarfoutput.[TheDCE[does[nothavethe[Scaling[possibilities[ofthe]
GT,thasOmuchowerpower-to-masslandpower-to-volumefatio, [growsverylguickly]
withCgrowing[CpowerCoutputCandlLitsCmaximumsizelsOimited.[ThelargestICELLnNits[]
availablelfbdayhavepower@utputiofiaroundBOMW. [
0
Iffalsimple[tomparisonlbetweenlgasfurbineslandlinternalltombustion[&énginesmust]
belmade,litldanBeldoncluded(ihat:[]
il
InCterms[bf(thermodynamicperformance, [ 0CE[has[better(thermallefficiency,wvhichd
doeslhotVary[solargely[With(sizelaslisthe[taseWith[(GT.(CE[has[theatlossesWwith[]
coolingmedialih[Severallbw-temperaturelStreams,With(felativelylSmalll@mount[ofheat
in[fheléxhaustlgas.[GThaslalllts[heatléxhaustedWith[fheléxhaustlgases.ICE$howl]
less[{closelolhone)ldecreaselbf(powerlbutputlvith[fisingfambient[iemperatureihanl]
GT,[butCarelmorel[pronelioloutputlpowerldeteriorationWwithlincreasingbackpressure[]
(pressurellbsseslinheatléxchangerslinfheléxhaustlgaspath).ICEhasiheestlpart-
load[performanceloffalllheatléngineslasiwell.[ODxygenl¢ontentliniheléxhaustgases[of]
ICEODsOowerthanCnOG T Cexhaust. (Typicalfigures[ie Caround [L0-13[ovO,0nCOCED
exhaust,[dompared(ib[15-18&ov[O,0h(GTEéxhaust.[
0
Indermslofléconomy,[ICEhaslstilllowerpriceperlinstalled (kW Ehan[G T, butlslightly
higherCoperationCandCmaintenanceltosts.[ICEifetimebetweenCmajorCbverhaulsfsl]
slightlybngerthanhatof(a[GT.[Construction[complexity [0fICE [isthigherfhanhatlof[]
GT,butldCEhasessl&xpensivelinaterialsfincorporatedlinlits($tructure(and[generally ]
less[eénergylislinvolvedliniheproduction(of(ICEZhanln[GT,neasuredperkW iated]
powerloutputloffthel&ngine.[Thislis[alsolduelolthelestablishedlmassproduction[of[]
internalldombustion[éngines.[]
0
InCtermsCofCpollutanttemissions,linternalCtombustion[engines[produceltonsiderably
more[NOx[thanCmodernCgas[turbines.[lContemporary[techniquesfor[doweringCNOXx[]
(lean-burnCandspecial(tuning)Cachievedower[emissions,Cyet(stillChigherCthanOGTO
combustors.nmanyltases,[&ngines[mustbel&quippedWith(INOx[teduction[linitsCn[]
orderlibltheet[stringentlémission(tegulations.]
0
Inhel3mall-scalelpowerliange,iposeveralMW,hternallcombustion(éngines[show
muchbetter[performancelandl@conomylihanigasiurbines@ndlévenihanGTCC.I
il
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Internallécombustion[éngineslareparticularlyivellsuitedfor(CHP Applications.[Variousl]
configurations[@relpossible,[dependinglon(ihelfypeloflheatfecoverylandthelénduiser]
of(dtheheat[recovered.[IMostof [ the[JstationaryCJengines[forClelectricity[jproduction,[]
industriallmechanicalldrives@ndshippropulsion,worklin[¢ogenerationinodeWithheat]
recoverylaslhotWater[@nd/ordowpressure$team.[Manylengineslin[iheltold[¢tlimate]
regionsSupplyheatioldistricteatingetworks.[AneéxampleisShownlon[Fig.[5.1.00

W
il
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Fig.3.1: [Adypicalléxampledf[A[CHPdycleforICE. Ifrom({5.30]) 0
0
U

Steam(¢an[alsolbelgeneratedbyléxhaustlheatlfecoveryfromICE.[Of[¢ourse,partlor]
alllofliticanbeforléxampleléxpandedlin(asteamurbinelfoproduce@additionallpower.[]
The[BTHogether[with(the[(HRSGLandlbther[auxiliaryCequipmentCivouldCtomprise&all
typicalbottominglaycle.[]

[
ThelhighthermalCefficiencyof(the LICE Oleads[tollcomparativelylowexhaustgas]
temperatures,lWhichldolhot[allow$uperheatinglin[@bottoming$team[tyclefo[@develll
enoughorhighlefficiencylpberformance.[Thelotherlypicalfeaturelof(the ICE,hamely]
thelexistencelbf(severalldow-temperatureheat-rejectionstreams[With[toolingCmediall
(jackethwater[¢ooler,[lubeloill¢oolerfandlcharge-airlintercooler),ldecreaselsignificantly]
the@mountloflheat[¢arriedbyfhel&xhaustl@ases@ndldomotAllowiheirlénergyfobel]
usedlhlalpowerlgyclewith(reasonableléfficiency, duelibihelowliemperatures.]

O

As[an[examplelofliheldiversity[ofheatfejectionflowsHrom alflypicallstationarylinternal ]
combustionléngine,[{helteal[¢aseWith[a[Wartsilal18V28SGLenginelsimilarfofhatlon]
Fig.[5.1[6ouldbeldonsidered. I

[
TheWartsilal18Vv28SGlis[algas-fired[spark-ignitionCiworkhorse[for[stationary[power[]
generation,[with[#.6[MW [tated[&lectricCoutput.[TurbochargingLoflthe[tombustion[&ir[]
withfwo-stagelihtercoolinglis[applied. I

ThereOareOfourClimportantCheatOexchangers, Oproviding[necessarycoolingCatOlow(
temperaturesortheléngine.[Theselare:[]

- jacketiwater[dooler,[IT]
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- lubrication(dilldooler, D

- firstiStageléhargelairlintercoolerlandl]

- secondistagelghargelairlihtercooler. I

l
Thel[jacketOivater[coolerfandOubricationCoilC¢ooler[areltrucialforihel&ngine,Withoutd
them(heleéngineWouldnotbelablefoloperate@tiall.[Thelwoldhargelairdoolers@remot]
sol¢ritical(ordheléngine’s[bperation,butf@relimportantorlincreasingihelmechanicalll
efficiency.[Thelirst($tagelthargel@irltooler({CAC1bn[Fig.[5.1)[has[thelpurposeltol]
coolCthelcharge HairCfrom0152°CHafterCtheOturbocompressorOddownCto075°C. OT hisO
temperaturelisi¥eryldloselfolthefemperaturelofihejacketWaterfedBackioiheléngineld
afterlthewaterl¢ooler[{wherelit[shouldbeldooledFrom@round®6°Cldownfo(72°C),S00
theliwolheat[éxchangerslareloftenlinterconnectedandunifiedlunderihehameThigh
temperature[toolers”.[TThe[ubrication[bilCtoolerfejectsCheat[at[(84°Cdown[to[74°CO
level.[Thel[$second$tagel¢chargel@irl¢ooler[{(CACR2IONFig.[5.1)tejects[heat[@t[aVery[]
lowiemperatureevel {35°C340°C),hetejectedheatlis usuallylLinusableforbther
purposeslandimustbeldumpedioihelénvironment.L5ometimesthe[CAC2[andubeloil[]
coolerfarenifieduinderfhe mameflow-temperature[doolers”.IT]
Theléxhaust[gas(itselffhas[uiteAdowemperature {around#00°CHor$park-ignition]
engines[@ndlesslihanihatforldiesels).]

l
Inlgeneral,fhelheatejection[streamslandleénergylbssesloutloffheleénginelcarry@wayl]
amountloffheatl@sibllows[(expressedlih[percentageofltheibtalfuellénergylihput):[]

- Exhaustlgases#28,5%L[]

- Jacketwater[3-[10%0]

- Lubrication[0il[36%[]

- ChargelairldoolerfirstiStage[35.8%[]

- ChargelairldoolerSecond(Stage32.3%L[]

- Unburnediuel32.9%0

- Radiationibolénginefoom(3[1.6%[]

- Fuellihput=100%/[]

- Shaftfhechanicall(power=43%/[]

- Generatorllbsses31.5%[]

- Electriclefficiency341.5%0

InC¢ontrastolgasurbines,Wherehearlylallliejectedheatlis[¢ontainedlintheléxhaustl]
gas[stream[Attemperaturesusuallylbeyond500°C,[nternalCltombustionC&nginesdo]
notChavelthel[possibility(to[feedenergylinto[anCefficientCbottomingltycle.[However,[]
almostlallCheatltejectiontanbelutilizedFor[districtCheatingCpurposesforCexample,]
withoutl@ny(difficulties.[

This,dogetherlwith(fhe[eomparatively($smalllsizeslofthe ICE, [akesfhemlinfeasible[]
forinfired[éombined(dycles@pplications.Both[the [performance[ofthebottomingdycle]
andiheléxpensesor¢onstructinglitlin[thelsizesl[dictatedbythefoppinglénginelsize,[]
leadfo@nundisputedlyldowlprofitability, which[dannot[ustifyfhelihvestments.[]

0
However,[fhelsharplincrease(ofloil(prices[Severalldecadeslagol¢hanged(thisSituation.[]
Suddenly, @lllindustrialized[tountriesbecamelinterestedlinWaste heatlutilizationfrom ]
piston(éngines@ndlhumerous(tesearchlprojectsiiverelstarted.(Thelargesttamount[of[]
research@ndldevelopmentiWorkWas(ihdeed[directediblincreasingiheéfficiencylofthe]
engines[themselves,[butlvariousCbottomingltycle[bptions[for(dCECCLtonfigurations]
wereldonsidered@s[promising@lternatives[@ndwereldarefullylinvestigated. ]
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Thebigbhoom*“[oflthis(lesearchfook(placelight@fteriheirstloill¢risisiin[the[1970-ies[]
when[thelfirst[serioustechnicalCandJeconomicalfeasibilityCevaluationsof (ICECCL
bottomingléyclesWerelc¢arried[out,[both[forlstationarylandfransportationléngines.[Thel]
interestlinfhisibpiclandheWorklonlit(hasn’tiStoppedeéver(sSince. Il
ApartdfromOresearchdorganisationsdandl] energy-planningdbodies,[1 mostdenginel]
manufacturersChavelalsolentered[this[field[themselves[andChavelargelystarted[tol]
developObottominglicycles.[OToday, HallClarge OstationaryCengine OmanufacturersCcand
deliverfurnkeylprojectsih[CClmode.[]

O
Developmentlof(the[ICECClL¢onceptlstartedlin[generallwith[¢arefull¢onsideration[and[]
evaluationCon[theViabilityCofCdifferentCbottomingLtycles.[ThelprimaryLbbjectiveChas[]
beenUevaluationOoftheirdthermodynamicOperformancedinconnectionOwithOtheird
economicaleasibility,[.e.[Whetheriheyustifyfhelinvestment[¢tosts[byprovidingfueld
savingslandhowbngihelpaybacklperiodiwouldbe.Thislwasloflcoursebasedlonihe]
factthatprice[perkW!Iinhstalled[powerlinfheBClisHarlhigherthanfhepricelper&W [of]
thelmainléngine,WhilelfheBCIldontributesonly[@lmiserablepercentagelofliheliotal[CC
output.[BClarrangementslareWiewed[byfheluseraslincrementallinvestments,ivhich[]
arelattractivelonlylifltheyhavelalshorter(payback[periodihan(thebaseplant.[lessihan]
threelyears[payback[period@ndreturnionlihvestment@bove15%/areuisuallyiegarded]
asllimitinglvalues. I
Suchlstudies,lnConedormLorCanother,(Wereperformedlin[Europe,[(USA,Japanandl]
many[otherCtountries.[Warious[bottoming[toncepts[ereldevelopedandlevaluated.[]
Examples(@re(]5.17],0b.6],05.29],05.35].0

il
Inthe[USA,[@pplicabilityLof[(severalldifferenttBCLtonfigurations[ioiruck[&ngineshasl]
beenléxamined.lLong-haullfruckléngineshavebeenltegarded@siheliostpromising]
acceptors[foriwide-spreaduise[0ofBC[Systems,inost@menablefolasteheatfecovery]
dueliold¢onstantldrivingmodeswithlonglperiodsloflquasi-stationarypowerlbadsand@]
possibilityforléconomy-of-scalelduelfo[potentiallylargemarket.[5.17],05.6]0

il
Turbocompounding,Csteam[Rankine,brganicCRankineandlCair[Brayton[tycles[havell
beenlinvestigatedas[bottominglLtycleslin[purelunfired0CECCLtonfigurations.[Morel]
complicatedBClarrangements{multiple[pressurellevelsin(Rankineldycles,intercooling[]
or(Subatmosphericléxpansionlin[Brayton[¢ycles),[dgavelhigher(énergyiecovery, butlof(]
courselhigherisysteml@omplexity[andhigherlinvestmentsivere[hecessary.n[general,[]
thelstudiesledolthel¢onclusionihatlif(higherprices[arel$tableforongiimelonihel]
fuellmarket,[the[BCLtouldbel&conomicallyfustified.[Raising[ihelemperature [of (ICE[
exhaustl@andldiminishing@simuch@spossibletheheatlbsslindbw-temperatureldooling]
was[believediolbelthefutureirendOnOCELdevelopment,[WwhichCiould&llowlChigherd
efficiencieslandbetter(payback(ibriiheBClihvestment.[]

O
Turbochargers[becamelstandardLcomponents[ofllargelStationary, Lmarine[andiruck]
engines.Withfhelimprovementofthefurbochargingléquipment,@vailablepowerlihthe]
engineléxhaustecamelinorelthanlithemecessarypowerlforlintake@irlcompression.dt[]
becamelpossible[tolutilize[ALcertainCpartLof(theturbochargerCmechanicalpowerlasl]
additionallmechanicalloutputforfhe[mainleéngine[shaft.[Gradually,fhefurbocompound]
conceptiwasldevelopedlandlsedlihlarge(stationaryl@andimarineldiesels.l
Turbocompoundinghasalso[beenliconsideredas[bottomingcycle,OalthoughCitCis
actually[mot[aMeallasteheatiecovery.[Separate(powerfurbinel¢anbelinstalledafter(]
thedurbocharger(furbine,[éxpandingfurtherfheléxhaustfromihelfurbochargerurbinel]
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orCexpandingLtompletelylitsCown[portion[ofCthe[mainCe&nginel&xhaust,[Whichlin[thel]
absenceloffalpowerturbineWwouldbeVentedthroughlthelwaste[gate.[Otherwise,[Al]
largerfurbochargercanibelused,[Which[$uppliesCmechanical(powerlin(éxcess[of[thel]
powerlheededdorLtompression[of(thel[thargelair,[(Without[a[$eparate[powerlturbine.]
Fig.05.20showsOtheevolutionOofdturbocharging JandCOturbocompoundingCwithOan
exemplifyingldomparison(ofiheléfficiencyladvantages(ihattheybring.[

O

Turbocharger . Turbocharger

0 Or). Air infet
Exhaust gég&q(ﬁzr“o F: 20¢ (85 %)
(2886 I'hr)

Air inlet

Turbocompound
29°C (85 %F)

power turbine and
782 °C (1440 °F) Exhaust 616 °C (1140%P),

0
(1575°F) 1301 kg/hr (2868 Ithr )

0, 0,
174 °¢ (345 °F) oconn

Diesel reciprocator
Diesel reciprocator 236 kW (317 hp):
sfc = 0, 192 kg kWh
(0. 315 It¥hp~hr)

— 250 (335 ho),

sfc = 0, 181 kg/kWh
(0.297 I'hp-hr)

Turbocharger

Turbocharger Air inlet

Exhaust 604 °C (1120°F); 29°¢ (85°F)
1295 kg/hr (2856 Ibihr)

Air inlet
299C (85 °F)

Turbocompound
power turbine and
geartrain

699 °C (1290 °F) After-

Exhaust 571 OC (1060 %),
cooler

1380%) |
1317 kgl hr (2904 Iohr)

cooler

60°C (140°F)
Diesel reciprocator 239 kW (320 hp) «
sfc = 0,189 kg/kWh
{0,310 I'hp=hr)
0

Fig.[b.2: OCEOwithCturbocharger{left) Dand turbocompoundsystem[(right). OComparisonof]
performance@ndléfficiencyimprovementlattainable. {from{b.6]) O

W

O
TurbocompoundingalonelJcannotCbringObigCsavingsCinCfuelCOconsumption, Di.e. Hits
potentialfor(éfficiencylincreaselislimited.t[is, however, fhelSimplest@andihedheapestU]
method{orldirectlutilization[of(somelbf(thelenergylinihepressurizedéxhaust[gasof[]
thelmainléngine.[AlSeparate[powerfurbinelises(afelativelylSmall(10-15%)[partofthe]
exhaust[gases,[fesultingfinfsmall$ize[andmoderate[performance.[AdditionalCoutput]
from[thepowerturbinelinCgeneralldoes[hot[exceed[R.5-2.8%[bf[ the[mainCenginel]
output,withl@orrespondinglyfairlylSmallSavingsihfuelldonsumptionb.28].0]
Coupling[the[poweriurbineiolthe[mainléenginelshaftttanlonlybelAccomplishedViall
reduction[gearbox.[This[applies[@lsolo[any[BCiurbine.[Dueiolthe$mall($izes,ihe]
rotational($peedlof[thebottomingiurbineslis[farthigherthanthe[main[&nginel$haft.0]
Gearboxes[@ddl¢ostfand[eomplexity, While[decreasingléfficiency@ndteliability[of[fhe ]
system.InhmostlactualICECCIld¢onfigurations,ihebottomingiurbines(areld¢onnectedfol]
theirlownlelectric[generators,@gainVialgearboxes. I

O
OrganicfluidCRankine[bottoming[Ltycles[havelgenerally[been[pointedbutCasCmost[]
promising.[Steam[Rankineldycles(havelalsobeenldonsideredVerylattractive.[Practicall
ICECCapplicationsChavebeenCcommissionedwith[bothCorganicCandisteam[BC.[]
Rankinel¢yclesldolmotlinterfereithfheloperation(of(themainlénginel{apartfromthel]

60°C (140°F)

Diesel reciprocator

() 254 kW (340 hp),

sfc = 0,178 kg/kWh
0.293 Itéhp-hr)
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smalllpressurellossUinCthe[IHRSG)OnordenythedapplicationOofturbocharging. [
Turbocompoundinglsupplementedby[Rankineltycle[Would[probablylgivelthelhigher[]
BClpoweroutputl@mong(@ll@lternatives.]
Organicluids[aremoreléxpensive,[somelof(them{oxic,[fequire(largerheatléxchangel]
surfaceslandlhigherdlowlrates[for(samelpowerloutputfas[comparediolsteam]5.9].00
TheirdpropertiesCOmaylchangeOwithOtimeOandOtheyUOareldgenerallyCJunstabled at[]
temperaturesChigher(than[1380-400°C.HigherflowrateJofCorganicCfluidsChowever(
ensures[better[performancel{smallerfosses)lin[the[&xpansioniurbine,Lcompared(tol]
steam.[Ihfhe[Small(Sizeslunderl@donsideration,furbinelbsses(@are@majorlportionofthe]
losseslin[the[BC.OnCaddition,[organicluidiurbinesChavelsmallerthumberlof(stagess
thanisteam[urbines,Whichleads[folsmaller@ndlcheaperléxpansionléquipment]5.31],0
[5.32].[0rganicliluids’[potentialfor[betterCheattecoverylandhigher[additional(power[]
stillldeceives(attention. I

W
AJapaneseleam(]5.23][has[ksuggested,evaluatedandCexperimentallytestedJan(]
organiclRankine[BClior[gasolineldarléngines.[Theirimainobjectivehasbeenlioldesign]
anlextremelyltompactheatfecovery[system,suitable Jor[applicationlin[privateltars.[
Theltonsiderationsorl¢compactnessihaveledolihelidealofltecoveringfhelheatlonly[]
from[theengineltooling[Water.[This[decisionlis[also[basedbn[thefact[thatsmalll]
gasolineleéngineslusuallyrejectihoreheatlihltheldoolingiwaterfhanlintheléxhaustlgas,[]
especiallylin[part-load.[Directlévaporative[tooling[bf[fhe[&ngineWithfhedrganicluid ]
canlbelémployed,usingihelplacelofihelStandardWaterl¢oolerforA[BCLcondenser.[]
SteamUs[generated[directlylin(the[engine,[éxpandedlin[altompactscrolllexpander,]
condensed[andpumpedibackioiheleéngine,[FFig.[5.3.[Thel$crollléxpanderlisihelonly]
additionall@omponent.The[@uthorshaveldalculated[@ndfestedfheBClperformancelfor[]
differenttBC[pressureltatios[andldifferentlregimeslbf[the[mainengine.[Theltesults[]
showlihat[@pproximately[B%l[increaselin(énginelbutputl¢canbeAchievedWith[$uch[&l
BCLtoncept.[Of[tourse,[BClLoutput[tanlbefurtherlimprovedlbylsuperheatinglfrom
enginelexhaust[gases,[butlthis[fequires[albulkyheatlexchangerl{superheater[with[]
recuperator(or{argerléondenserliflifecuperatorlisimotliised)@ndwillWiolate[thelidealfor[]
maximum[system[dompactness.[]b.23]

il

U
WORKING FLUID (VAPGR) 0
WORKING 0
FLUID 0
(ugun) 0
0
U
0
U
0
O
Fig.[05.3:0ProposedOevaporativedenginedcoolingd
systemwith[drganic[RankineBC. [(from[]5.23])]
U
l

Organic[Rankineldycle[optimizedfornaximumheatlfecoveryldan(providemuchhigher
additionallpowerloutputthantheleyclelon[Fig.[5.3.[(Evaporationlis(performedbythe]
enginelicoolingOwaterllinOalvapourlCigenerator, JafterOwhichCthe DorganicCvapourdis[]
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superheatedby[ltheengineJexhaustlgases.[lAlrecuperatorlisCiveryllimportant[ifor[]
increasingtheUefficiencylof[fthe[IBC.[OTwoUrecuperating[heatexchangersOcanbel]
included,before[and[after[the[&évaporation.[SuchCanlarrangement,[bottominglalbus(]
diesell@éngine,[dan(Supplementihebaselénginelpowerwith[16%[0oflts[output.b.4]0]

O
Calculation[andexperimentallresultsfor[alsteam[BCLoptimizedForCmaximumCheat[]
extractiondrom[allheattejection$treamsof(ihemain&nginehasbeenpresentedlin]
[5.9].[0TheleycleTayoutlis[shownlon[Fig.[5.4.[Thelénergyldistributionbefore @nd&fter]
installingheBCls[shownlonFig.[5.5.[Theldlual-pressure$teamltyclehasprovided
14%/0increaselinOpowerOoftheCmainCengineJ(4.50%points).[JReductioninOfueld
consumptionhasbeen8%[to[113%JoverOalCwideOloadOrange.CFurtherOworkCon O
standardisation,[$caling-uppossibilitiesLandskid-mounting[of(the(BCL&quipmentChas[]
beenlundertaken.[b.9]0]

O

EXHAUST ﬁ i\

HP STEAM
415°C, 1680 kPa ~—— 105°C

BOILER
LP STEAM e 120 °C STEAM

180°C, 126 kPa

TURBINE ENGINE

COOLANT

EVAPORATOR T

N I N A o [

? Fig.[05.4:0CycledschematicOofdand
optimized[steam[RankineBC[3ystem[]
— e forCstationary[0CE.[Double[pressure

covosnsen | —= (1) — | il steam[generation.[(from{5.9])[]
—/ 0

OIL COOLER 6%
LOSS TO AIR 4%

rws TO AIR 2% OIL COOLER 3%,

AFTER
COOLER
46%
DIESEL BRAKE
WORK
39.7%

EXHAUST 18.0%

JACKET
WATER

OoOoOooooOoad

Fig.[5.5:[EnergydistributionForthe

CONDENSER 28.2%
‘\ enginefromFig.5.4beforeland&fter]

installingltheottoming[dycle.[]
WITH BOTTOMING CYCLE

I snl;sis:iw | soggf:éus NET WORK 4.5% (|:f|r0m|1:59]) 0

0
l
Organic[bottomingLtycleWithflash[$team[generatorlin[ihedowlpressurelsectionChas[]
alsolbeen[suggested@ndpracticallylimplemented]5.29].[Thelsystem[thasower[¢ost,]
duelolsubstitutionCof(partlof(ihe (heat[éxchange[$urfacesWith[flash-steam[producer,[]
Fig.[5.6.[TAnarrangementlof(fhislkind[adds[around[10%[foihe[outputloftheparent]
engine.[AlGertain[partloffhelheatls@vailableforheatingpurposes.[]b.29]]

U
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AT W) .
= ’“’;;,_s'zoc nzec  feoec g
263°C] o
l
50°C no°c\15&°:d |:|
. Engine L AM W\MJN 00°C] Ul
és i {ol:I::; gaolin% = %-L—J 1 g
) 120°C 2bar D
- D . .
P Fig.(5.6: BCSystemwith[optimized[@éxhaustheat[]
& ¢ & |psec recoveryCandflash[steamyeneratorforCmarined
ﬂ' ik g engines.[Thelpotentialdorl&noughheat[Supplylin]
l o - CHPLmodelmustUnotoeUlostUforOsuchCmarined
» engines.[(from(]b.29])d
Pusc 0
0
l

Alternativeléonfigurationlof(@lSteam[RankineBC, Whereheat0f ICE[éxhaustlisutilized ]
forl$uperheating[beforelihelgasléxpandslinlthefurbocharger,lspresentedlin]5.33].0
Theldecreaselihfuelldonsumptionl@chievedwith(Such@onfigurationlis[@round20%. ]

l
Ammonia-waterlmixtureslasluids{ordCE[Rankine[BClhavelalsobeenlsuggested.[AL]
relevantstudy]5.14],ChighlightingthelmprovedCheatlfecoverylandarger(BCpower[]
generationOpotentialCJofClammonia-waterOmixturesCIcomparedtoOsteam, [OhasObeen(]
performedUatUtheODivisionOofJEnergyProcesses,[IRoyalUInstituteJofCJTechnology,
Stockholm.[Thelstudyléxtends[previous[Work[by[Various[authors[onldlevelopment[of[]
bottomingleyclesiithtammonia-watermixtures{or[gasiurbines,linto[&nlinvestigation]
of(the[potentialforlwaste heatlecoveryfrom[allheatfejectionStreams[of(algas-diesell
ICE.Ot(hasbeenld¢oncluded(ihatthelexergylefficiencyloflthebestiammonia-waterldyclel[]
configurationlis[43-48%[higherthan[thel&fficiencylof[alsingle-pressuresteamltycle]
and[20-25%lhigherhanihatloflaldual-pressureSteamldycle.[[5.14]0

O

Many[caselIstudiesUonpractical JICECCOconfigurationsClcommissionedhavebeen[]
published,Apartdromdheoreticallévaluations[@ndléxperimentsLorfogetheriwith(fhem.
Exampleslare(]5.31],[05.32],[05.29],[05.19].[nteresting[0perationalléxperiencehasbeen]
reported(@lso.

W
Soot[foulingCof(theCheat[fecovery[steamlexchangerslin[thelexhaust[gastanlbel&all
problem.[Spontaneousliirelinthelsootlayerlis(possible,[Sol¢leaninginethods[mustbel]
consideredOorOimprovedCparentdengineldcombustionOmustObeimplemented.[JOnel
advantageloflihe[¢comparativelylbwliemperaturelofthe(éngineléxhaustlisthefactihat[]
heatléxchangelsurfaces[¢anbelleftldry{{uncooled)lihfhe@xhaustflowlvithoutherisk[]
ofldverheating.

[
Meanwhile,[development[bfChewl1CECmodelsCwith[greatlyCimprovedefficiencies[is[]
continuing.0ContemporaryCenginesChavelhigherCsimple-cycleCefficiencythanOolder[
engines[with[bottomingltycles.[Thelhumberloflinstalledlargelstationary[énginesfor[]
power[generationlorlmarinelpropulsionlis[donstantlylonlthelrise.Togetherwithgrowing[]
sizes[ofidew(éngines,fhelpotentialfbriwasteheatrecoverylincreases.Il
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Nowadays,almostCalllICECmanufacturersCand CturnkeyCpowerCplantCsuppliersCarel]
considering]thed ICECCO arrangement] asl]all promising,[]economically[] profitable[]
alternative.[TAChumberlof(suchCpower[plantsCexistlinthe[World,[(Where[a[bottoming[]
steam@urbinelutilizes(alllor[partofihelheatiejectedfromihe foppingICEfor[additional ]
power[generation,CwithCorCwithoutCaturbocompoundsystem, Cachieving Cup ko [07% 0
additionallpowerloutputbyiheBC.[Usually,[$everallénginesWith[faA[HRSGléach,are[]
couplediolonel$T.[b.22]0

O
Allypicalléxamplelis[the[WasaldieselICECCpowerplant,[buildby[Wartsilalin[Vaasa,]
Finland.[Theldiesell@éngineslinstalledfherelare[$pecially(adapteddor[CClapplications,]
afteryears[of[fesearchfor[taising[theiemperature[bf[the[&xhaust[gases.[Research]
andlCexperimentalCvorkOnDWartsilalforLdesigningChewlgeneration[dieselsCwithChigh
efficiency,dowlheatosses,highiemperaturesCofthe[&xhaust[jas[andtonsequently]
highlcombined(cycleléfficiency,hasbeen(ruitful[[5.27],015.12],[05.2].[TheDICECCplant[
has[38MW, powerldutputlandlachieves[B3%l[electricléfficiency.tsIayoutlis[Shownon[]
Fig.5.7.0Wartsilalhas@lsobuiltICECCunitslihlotherdountriesb.22],[5.12].0

O

|
Exhaust gas DeSOx 0
DeNOx AT — economizer system .
Wartsia = E"h.a"‘.St [~ Steam 0
12V46 gas boiler turbine ]
pIm = — =
L
- op °
|
S owo [l i .
- — Exhaut Wasa Pilot Power Plant Fig.[5.7.0
= 9as BT simplified process flow diagram (érom [5.2])0
O
[l

AnotherCmanufacturerfiholis[seriouslytaking[the [JCECCLidealinto[consideration[is[]
MANIB&W.[Theirlhugeliwo-strokeldiesell@éngineuinitsiwith(bowertatingslofupEoH00]
MW ¢ OandOsimple-cyclethermalCefficiencyDofCupCto[051%Care Csuitable CforOICECCO
arrangements.[SuchOargel[unitsCoperate[inL0CECCLmodewithCturbocompoundCandl]
steam[bottomingCheatlCrecovery.CALgood[examplelis[the[Coloane[222[MW[power[]
stationCinCMacaolwith[5ixEMAN[B&W Cheavy[fuelbilfired,lowlspeedldieselunits.[]
AdditionalOpowerCproducedbytheCturbocompoundCandCsteamCturbineCbottomingl
systemslis[b.5%[of[thedutputlofthenainléngines.[Considerable[amountlofCheatlis]
alsolmeededorldonditioningfheheavyiueloilforiheléngines.[b.22]]
ICECClitdealhavebeenlputiorwardlihlfechnicallarticles,forléxamplel]5.15],[05.16].0

0
Thelperformancelof(ICECCIc¢an(beleéasilyllpgradedbySupplementaryiringforbaising]
thelparameters[of(ihelbottomingltycle.[Theltemainingloxygenlin[ihedCE[&xhaustlis[]
enoughorismalllamountlof(supplementaryfueldiredlinlit, (or[dtherwise[@additional&ir[]
canlbeleasilyfadded[tolthelexhaustFlow.[This[Tsacrifice” Cof(fuelfor[supplementaryl]

85



Hybrid[Combined[CycleswithBiomassandWaste[Fired[Bottoming[Cycle. Al iterature [$tudy. MMIITIMiroslavPetrov, Feb20020
Chapter3:[SpeciallAttentionfohternal[CombustionEngine[Combined(Cycles"

firing[{addition[of(fuellbn[aloweriemperaturellevel,[bypassingihel&ngine)tanell]
justifylitself,(becauselitleads[fo[substantiallincreaselinlihe [outputloflthe BCI]5.22].[A]
simplifiedl@éxamplelofiSuchSupplementary(fired(dyclelis[Shown[on[Fig.[5.8.[]

To Stack\

Tnlet Water

OoOoOoOoOoOood

Fig.0[5.8:[Bimplified[$chematic[oflan]
ICEWith[Supplementary(iringlintheJ
Alternator HRSGO tod maximized BCO power
output. [(from[]5.10])0]

U

O

Infhis[fespect,[@nhancedWaste[heatfecoverylinlcombinationWwithfurbocompounding]
ispossible[JandJhasUbeenUsuggested[5.28].JExhaustCfromUthe COmainOengineUisU
supplementaryiredWith[A[smallCportion[bf(the [same{uellin[A[combustionfthamberl]
upstream[bf[theturbochargerCandpowerlturbine.(0rheladditionallyCheatedexhaust]
gases[expandlinthelturbochargerlturbineCandlinthelseparate[powerlturbine.Thel
turbochargerCdeliversCmoreldcompressedair[thanCisOneededfor(the OmainCenginel]
aspiration.[ExcesslairlisfedldirectlyfofheSupplementary(fired[dombustionléhamberio]
ensurelstable[tombustion.Orhepowerturbinelis[argerCandproducesCmuchCimorel]
mechanicallpowerlthan[alstandardturbocompoundlCarrangementandCtonsequently]
has[better(performance.[Remainingheatlin[theléxhaustlgaseslafter(thefurbines{with(
alChighCtemperaturethanks[tolthekupplementary[firing)Cisiransferred[toCalkteam]
Rankine[bottominglLeycle.[With[such[tonfiguration,[Supplementaryfiring[of[13.5%[06f[]
theCOmainCenginefuelCconsumptionCprovidesCanCincreaseCinCplantCoutput[of(116%. ]
Incorporation[of($teaminjectedpowerurbinelinstead[of(albottoming (S Tnhel¢ycle]
provides(afurtherlincreaselof(8.7%lih[fotal(plantloutput.[5.28]0

Il
On(ihelotherChand,lmanylengineslinlindustrial[settingsCare[connected[fo[boilers,[n
whichpartlorlalllofiheléngineléxhaustlisuised@slcombustion(air,[fogetherwithresh
air.[Thelboiler'sltolelis[hot@o$upportlalbottomingleycle,butlsSimplydolproducedarge]
quantities[of(Steam[0rhotiwaterforlindustriallprocessneeds.[Accordingioproponents,]
theOtemperatureJand0O,0contentClofddiesel-engineJexhaustJare dcompatible Cwith [
traditionallboilers.[FreshlairCtan[beladdedjusttoloptimize[tombustion[and[achievell
stableflames(]5.20],[5.1].(Enginesiwith[$steam[producinglHRSG[¢anbe[@lsolparallel-
connected(ib@dditionallSteam[denerators,@chievingthighestflexibilitylandteliabilityfor[]
process[Steam(Supply]5.18].0
SometimesUtheOsteamconsumptionCcouldbelmuchUOhigherdthanOtheOneedOford
mechanicallpowerfrom[thelengineandtheCmainfuellinputtwould[golto[thesteam[]
generator.[5uchlarrangementswithfully-fired[&ngineléxhaust[@and[@arge[guantity[of[]
fuellfandreshlairfaddediolihelboilerfccombustion[chamber[can[showlhugel[heat-to-
poweriatios(inthelorder[of[15:1.[Thislisoftenthel¢aselinVariouslihdustrial(processesl]
[5.3],b.21].[ABImplified[@xample[dfiSuchlayoutlis[presentedOn(Fig.[5.9.0
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0
Thelgreat@dvantagelofisupplementaryiringlorfully-firing[@fICE[@xhaustlwith[anyfuel
orfiypelofboilerforldecreasingihe@amountofINOxbyfeburninglik[StressedlihSeveral
works.[Generally,[50%-70%[INOx[feductionlin[theICE[éxhaustlafter[teburninglinthe]
boilerldombustion[chamberoffheBCls@ssumedpossibleb.11],[]5.15],[05.25],[05.10].10
SpecialléombustorldesignsihavebeenldevelopediorfeburningICE&xhaustlin[afully-
firedCCCIschemelas[thatCshownlin[Fig.5.8[]5.10].[Buchlfmprovedtombustors[tan(]
enhanceINOxUreductionthroughCcontrolledOreburning. JAOlayoutof(the OICCOunit, [
incorporatingthese[€ombustors[and[alflash[steamproducerlis[shownlon[Fig.[5.10.0
This[3ystem,[talled[by[the[@uthors[IDiesel[lCombined[Technology(Combined[Cycle”,[]
doesnotlachieveigherléfficienciesthanihelunfired[CC,marginallyhigher{<5%){han]
theSimpleldycleléngine.ts[fruebenefitlisiheldecreaseihNOx[@émissionlevels.[5.10]0
0

Allelevant[StudyforINOx[destructionin[ICE[&xhaust,[Supportedwith[éxperiments, has[]
beenlperformediby[Wingardletlal.CatCChalmers[Tekniska[Hogskola,[Bweden(]5.34].00
Theyl@ssesslihelpossibilityforNOxeductionbyfeburninglivhenICE[éxhaustlis[lised[]
as[tombustionlairlin[a[CFBhoileriredbymixed[¢coallandbiomass.[Thelfesults(have]
beenlextremely[satisfactory.[{Themicallteduction[bfL(NOx[to[molecularChitrogenChas[]
beenl[75-90%[(somelcatalyticCéffectslimayhaveltakenl[place),thelhigherCtonversion]
rate(appearinglatlhigherINOx[tontentlin(&ngineléxhaust.[Thelauthors[pointloutlalsol]
the@applicability[of 1CEdor[CHPAnd/orftHCCLtonfigurations[andiheirfadvantages[iol]
similar(Systemswith[das{urbineslihfhelSmall-scale[powerdange.[[5.34]0

0
Accordingly,Chybrid0CECCLusingUower-quality[solid[fuels(for[supplementaryfiring
(other@hanihe[T CHuel)canl[proveliol[belefficienttandiechnicallyCand[&conomicallyl]
feasible.[Theyl¢ombinelihehighléfficiencylofihe ICEwithEhelpossibilityforfutilization]
of@ldifferent{cheaper)fuelfortheBC, While@chieving[good[overallperformance@nd]
stillidotlbsingthepotentialfor[CHP[applications.[5.22]
AlperfectféxampledorCtogeneration[applicationLof[aldiesellengine[combinedWwith[all
coal/RDFiredgrate[boiler[{producingsteam[&ndhotWaterforldistrictCheatingCand[]
industrial[purposes),tonstructedinEngland{ForttDunlop),[has[beenpresentedlinall
caselstudyfrom[1987[]5.24].[Thelayoutlistshownlon(Fig.[5.11.[Part[of(the[&ngine]
exhaustlgas(isluised[as[¢ombustion(airlin[fheboiler{togetheriwith{fresh(air),whilefhe]
restloflthel@éxhaustheatsanléconomiser,parallelfofheléconomiserloflthelBoiler.[Early]
experiencefromoperationloffhis[CHP[Stationlisreported.[Performancelihlallloperating ]
modes[has[been[$atisfactory.[ThedurtherloptionforlusingthistTHCCLeonceptWith[all
steamlurbinelis[Suggested.[b.24]]
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P1

@- 3XDE .

14
26 27
AH air preheater . 1 DEG from 3 engines 16 | 117°C steam
AC engine intake air cooler 2 | DEG ducted to burner 17 | Excess flash steam
BRN | bumer 3 | HFO delivered to burner 18 | Superheated steam
CT cooling tower 4 combustion products 19 | 117°C feedwater
DAR | deaerator (179.3 kPa) 5 bypassed DEG 20 | Water into air cooler (*)
DE WD 18V46 engine 6 ambient burner air 21 117°C water
EC | economizer 7 | 232°C air to bumer 22 | 85°C water
EV evaporator 8 bypassed DEG after AH 23 | 117°C steam
FT | flash tank (179.3 kPa) 9 | bulk gas to HRSG 24 | Cooled flash tank water (*)
P1 DE alternators 10 | stack gases 25 | 43°C sat. water to water heater
P2 ST generator 11 | ambient intake air for 3 DE's 26 | 43°C water to air cooler
SH superheater 12 | heated intake air 27 | 43°C sat. total retumn
ST steam turbine 13 | cooled intake air (*) 28 | 43°C sat. makeup water
TC | DE turbocharger(s) 14 | HFO delivered to 3 DE's (*) | Enthalpy to be determined
WH | water heater 15 | 177°C water

i
Fig.[5.10:[DiesellCombineddrechnologyCCLwithCNOx[destructionthroughteburningCnCal
speciallyldesignedbBurnerforSupplementaryfiringlihfheléngine@xhaust.[{from5.10])[]
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Fig.[5.11: [Flowlschematic[of(alHybridCCHPLtycle[tomprising[altiesell&éngine[tonnectedio]
steam[generatorfired[byltoalland[(RDF.[No[power[productionCequipmentlinlthebottoming
cycle,@nlyhotiwaterland(Steamibridistrictheating@ndlihdustrial[processes. [(from[]5.24])]
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Justlaswith[GT[@oppingldycles,[combination[dfIICE[And[3olid-fuel-fired[Steamoilerlin[]
largelor[small(scales[tanlproveltolbelalViableCoptionforlutilizationCbf(theenginell
exhaustCheatln[alvery[efficientCivay.[InCaddition,[fepoweringCoptions[withCinternall]
combustionléngines[{largeldieselslor[gas/diesell&ngines)linsteadlof[gasfurbineslare]
possiblelandhavebeenlproposed.]
This[possibilitythas[beenellfecognisedandputforwardbyl$somelauthorsliniheir
journalOarticlesOorOconferenceOpapers.dForOexample,d[5.20]0presentsOallgeneral ]
discussionlon(allloptionsfordepoweringlofloldSteamplantsihcludinglalsoiepowering]
with[dieselengines.[PotentialCadvantages[bf(1CE[Trelative[to[fepoweringOwith[gas]
turbineslhavebeen[pointed[outlasollows: [greaterlexibilitytnatchingprimelmoveriol]
existing[$teamltycle,desslimpactlonperformancedrom@mbientldemperatureand&ir(]
conditions[J(especiallyCforO0warmIclimates),greaterOfuelOflexibility, JlessOarduousl]
operationandCOmaintenanceJandObetterOcapabilityCiforCmeetingCradicallyClchanging O
thermalland(@lectricllbads.[5.20]0

O

Typical diesel repowering design

T Wi g el i

New addition L
Diesel/generator No. 1, 10.5 MW |

il R R g
AA g T B |‘:J] m’l | Feedwaler
J__"l JifELS =] i el : heaters

B [ Jacket water —E e —— . 2

5 | | : | L
e | C g
e B e Lt 1 4 | o[ L ! | |

[m‘| | Economizer 1 Economizer 2 — = i

Dies al.fgau-&ra!nr Mo, 2, 10.5 MW

0
Fig.[3.12: MAndld[Steam[powerplantiepoweredWith2[diesell@éngines.{from(]b.26])0
0

Another[perfectléxamplelis(5.11],tvherefully-firedlcombinedcycles(ofldieselléngines]
with[gaslorloil(diredboilersCandhybrid[combinedltycleslofldiesell&€ngines[Wwith[toal-

firedboilers[@relpresented.EfficienciesVary[lbased[ontheICE[performancelandthel]
sizeland[complexity[of[the[Rankinel¢ycle.[In[general,[&fficiencies[are[competitive ith [
thoselofl(gasiurbinelhybridlcombinedltycleslinlless[than[100[MW power[tangel[{40-

45%[1LHV [netlelectriclefficiency).[Cycleldonfigurationsiwith[alfbtal(powerloutput6f(46.4]
MW ¢ [And[66.5MW ¢ Andduellénergylinputtatiol(diesell&nginesfolboiler)[of[D.7AndU
1.17Iespectively,haveeenl¢alculated.[Thelauthorliinderlineslthelgoodfuellexibility]
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of(bothl(éngines[andboilers,fogetherfwith{thelinrivalledloadflexibility[and[&conomicl]
advantageslofliheldiesel-hybrid[$ystem.[Experimentalliesttesultsfromalsmall-scalel]
diesel-coalJhybridCcyclel(builtCandOoperatedUas[altest[in[11994) Caredescribed.[]
Reduction[ofLINOx[emissions[fromldiesellexhaustlafter[passingthroughlthelboiler's0]
burners(thedboilerO0beingCfiredOwithOpulverizeddcoal) OhavedbeenOsuccessfully]
demonstrated.tChas[beenltoncludedthat[thel[diesel-coallkystem[definitelyChasCall
promisingfuture.[5.11]0

In[@seriesloffechnicallarticles,MackFhelor{fromfhe INorth[Americanepresentation]
of (WartsilaINSD) [promotes(ihelidealforfeedwaterheatingiepoweringloflSteam[powerl]
units[with[gas/diesell&ngines]5.25],[05.26].[Theltycledayoutlis(shownlon[Fig.[5.12.0]
Thele¢onceptlisViable[in[allEerms.nvestmentl¢osts[areéstimatedobeHarlessihan]
thoselfor[GTrepowering. [l
Jacket[water[Cand[exhaustgasCbf(thelenginearelusedto[heat[thedsteam[cycle[]
feedwater,Oeplacing[alllLPCand$omelof(the[(HPpreheaters.[Thel&nginel&xhaustlis[]
then[ddmitted{o[fhelboilerlaslcombustion[air.(ts[Smalllquantityand Dowldemperature]
wouldChotlCrequirelrefurbishmentlof[boilerCairCductsCand ouldCmake [theCaddition[of(]
enginesliotallython-intrusiveiolthe[boiler.[Total($ystemefficiencylin[thisSLHCCUmode[l
may[belimprovedbylasimuch[@s[10%.[Thelincreaselh[STpowerldutputlduelfoldlosed]
steam[éxtractions[offsets[the[€osts[forlinterconnection[oflthel&nginestolthelsteam[]
system.IfWerylowINOx[&émissionevels[are[desired,[Selective[tatalyticlieductionlinit[]
can[belihcludedlihihelSystem.[]5.25],[]5.26]0

WartsilaUhasOinstalledJseveralOpowerOplantsU(alsoOwithOgasengines)Joperating]
successfullylwith[Supplementary-fired[éxhaustlgasboilers(]b.30],05.2].00

il
SeverallMSclthesesland(sStudent[projects(haveeen(performedlinderVattenfalllABIh[]
Sweden,[&valuatingldifferentpossibilitiesforthetepoweringlofléxisting[$teampowerl]
stationswith[gasurbines(orlihternalldombustionléngines. I
Twoloflthem,[5.5]@nd[[b.8],[areldevoted(iblihefepoweringofMarvikenpowerplantbyl]
toppingwith[differentypeslof[Diesell&éngines.[Marviken[powerlstationlis[an[oil-fired]
steam[RankineltypelWwith[veryOow[5TlinletCparametersCandtonsequentlyrerydow(]
thermalléfficiency[(29.4%).[The[$tation[has[beenldesignedlas@huclearfone,butihel]
nucleareactorhas[heverbeenliakenlintoloperation,[duelfol¢changeloflplans.Instead,]
alsteam(boileriredby{uelloillhasbeenlinstalled,inforderodindapplicationforihe
alreadylecommissioned[ST@nd[auxiliaryléquipment.[Thelplantlsfusedlonlyforpeak-
loadShavinglduties.[]
Carefullfhermodynamicl¢alculations[onliheléxpectedltycle[performance@ndlgenerall]
economiclassessmentsChavelbeenlperformedliniheselthesis[Works.[Thelevaluated
cycle[arrangementsUareCofthe OmixedCfully-firedJand OfeedwaterUheatingUOparallel-
poweredype,@sldescribedl@above{seelagainFig.[5.12).[Heatfromihelengines[{from[]
both(jacketlivater(and[&xhaustlgas)lisHirstlutilizedfor(BClieedwaterpreheating,then]
engineléxhaustlsedoihe[$team[generatorf@s[tombustion@ir, HogetherWithHresh]
air.[Thelgenerallé¢onclusionsihavebeenlthatiepoweringwithIargeDieselléngineslis@[]
viable[alternative,yet[providingess(éfficiencylgain(andhigherléconomicburdenfhan]
the[GTrepoweringlalternatives.b.5],]5.8]

U
Another[thesisCivork[]5.7]Chas[beendevoted[to[similarCevaluation[bf[thebption[tol]
connectlihtolaldombined(dyclefwolargeldiesell@nginesiwith(aSteam[powerplant.[Thel
engines[@andihelsteam[plantihavelalreadybeenlinstalled,Situated(¢loselfoléach-other[]
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andloperating[Separatelyforlsomeliime.nterconnectionsibetweenfthem(foridreating[al]
CClcouldhavebeenldesignedlandbuilticomparativelyleéasy.Thelévaluated [CClayout[]
isfagainisimilarfolfhelones@bove.[EnginejacketWaterlandléxhaustlgaslarelisedfor[]
boilerfeedwater(preheatinglinlihreelpreheaters.EExhaustlgaslisihenfed{oltheboiler.[]
Different[alternativeslonthisbaseldyclelayouthavebeenlévaluated,with[¥aryingfatiol]
oflfresh@ir{oleéxhaustlgaslihfheoiler@ndariation[of[éngineléxhaustbypassingihel
boiler,[duetol[boilerltestrictions.[Thelfesults(fromtheltalculations[havebeen[fuite[]
positive,lindicating[that[the (CCOwould[provide[a[B.3[Yb-pointlincreaselinlefficiency
comparedoihelbbserved@verageperformanceloflihe[$eparate[éngines[@ndsteam]
cycle,lfrom[34.3%[f0[37.6%.[Totallélectricipower[outputfromhelCC,[comparedioihel]
sumloflfhelSeparateunits’ [powerdouldhavebeenMaisedWwith(2.2%, from30.4 MW fo
51.5MW¢,.INOx[émissionsiwould[decrease.[5.7]0

W
OnelverylhterestinglMSclihesis[workhasbeenperformedlinder[SydkrafttKonsultlAB[]
inCBweden[in[1998[]5.13].[Thelmaindopiclhas[beenl@Ltarefullmodelling,[talculation
andlinvestigation[offa[lHCCLeomprising[ICE[andbiomass-fired[boiler.[Threeldifferent]
hybrid[donfigurationslareinodelledihn[CHPMode:[Alparallel-powereddyclelWwherepart[]
of(thelsteamlis[generatedbythe[dCEL&xhaustlWhileihefinallSuperheatinglislinthe[]
boiler,Jalparallel-poweredCcycle OwhereOthedICEDexhaustOisOusedOforCfeedwater(]
preheatingUandOallfully-firedCcycle.O0ThreeOdifferentCenginesOwithOdifferentOsizes, [
efficienciesCandCexhaustCgastemperaturesareJusedLinCallCiconfigurations. CinCall ]
simulations, [thellow-temperaturelheatliejectionstreamsirom(ihelénginearelisedfor[]
districtlheating,[fogetheriwith(heatfrom[fhebackpressurelcondenserlofihe[ST.[Every
configurationlis[extensively[simulated[at[varyingChaturalCgas[to[biomass[fuellinput]
ratios.OCarefulCJeconomicllcalculationsCwithOsensitivity[JanalysisOofCcostsCare Calsol]
presented.CAnCattemptlisCimadeltolkvaluate[the[thermodynamicladvantages[of(thel]
modelledChybrid[tycles[by[tomparison[io[thelaveragelperformancelof(iwol$eparate]
simpleldyclelinitsttilizingthe fwoduelsatthelgiveniatio.Thelperformanceloflthe ICED
insimpleldycleinodelis[uisedforthisicomparison,Whilefhepure ICECCarrangementl]
islalsolpresentedbutfecognizedl@slinappropriatelasbasisforicomparison.[Theléffect[]
of($cales[{largerforismaller3izes)loniheperformanceand$teamparametersioflthel]
steam[turbinelisCaAlsolrecognizedCandlinsertedlintheproceduresforCkvaluationof[]
thermodynamicladvantages.[[b.13]]

W

As[alconclusion,tinuste[pointedloutthatthe DICE[s[alSuitablefoppingdyclel@énginel]
forCcombinationsOwith[Cbottomingcycles.OSuchUpowerCcycleCarrangementsDwill Cbe
modelled,[¢alculated,[analysed@ndpresentedlinihelajoriesearchlprojectollowing]
this[literature[Study.

O
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6.[STATE-OF-ARTIOFHYBRIDICOMBINEDICYCLESO
WITHBIOFUEL-FIREDBOTTOMINGICYCLE[

INLSWEDENIANDOTSINEIGHBOURINGICOUNTRIESDO
U
N

6.1.[Finland

(I
Therelare@wolbutstanding(powerllnits[offelevantl¢onfigurationfnFinland.[Bothlare[]
industriall¢o-generationlinstallationsforfhepulp&[paperindustry, @ndothfeature @]
parallel-poweredtonfiguration[ofCalNG-fired[gas[turbine[andalbiofuel-fired5teaml]
generator,[WorkinglindependentlyCandsupplyingSteam[o[aLlcommon[steamturbined
and[processlusers.[Theldonnectionbetweenibppinglandbottomingdyclelis@nlylatiihed
high-pressurelSteam[headerfowardsfhelSsteamfurbine.]

l

O

6.1.1.Kirkniemillndustrial[Cogeneration[Power[Plant[]

W
ThelKirkniemilPower[Plantlis[ocated[hear(thefownlof[Lohja,[3outh-central[Finland,]
about[®5kmAOvestlof(Helsinki.[Theplant[serves(ihellocallpapermillldwnedbyMetsa-
SerlallCorporation,fecentlyCfenamed[M-Real.0The[power[plantlitselflisCbwned byl
ImatranVoimal 0y, [fecently[tenamedFortum,CandlisCoperated[bythepaperCmill’'s]
personnel.Decisionforbuildingihe[combined(dyclepowerplantiivasiakenin[1995,0h0]
connectioniwithMetsa-Serla’s[plansolinvestlin[ahewnachineforhigh-quality(paper
at[the[KirkniemiCmill.OT heCenlargementCofCproductioncapacity[required Cadditional ]
supplybffprocesslkteamandlelectricity, which[ded[to[tonsiderationsforfinding[all
reliableCandCeconomically[tompetitiveCoption[forlinvesting[alsolinCalhewlheatland[]
powerl[unit.[Theldesignfand[tonstruction[of(ihe[hewlpowerplanttivasloutsourcediol]
ImatranVoimalOylandlaliangeloflSubcontractors. I
Being[an(industriall¢o-generation[linit,[fhe[majorlpurposelofthe[¢ombined[¢ycleplant]
isCto[provide[steam[accordingltoltheprocess[heeds.[ts[designCandlbperationarel]
governedbylfhelprocess-steamldemand. (Il

il
Fig.[6.18howsliheldycledayoutlwithismain[parameters.[On[theeftSideloffthefigurel]
areltheloldidomponents,@nlihelfightiSidelarefhehewlones.
Theltombined[tycle[comprises[bne[GenerallElectriclFrame[BFALgasturbineWwith[all
three[pressure-levellHRSGL{B4[bn[Fig.6.1.)land[altirculatingfluidized(bedteam
boiler({B2).[Naturallgas(is[thefuelforfhelgasiurbine, with[LFOAsback-upfuel.[Thel
GThasldrylow-NOx[@ombustorlandoperatesiwithmorefthan34%!(electricléfficiencylin[]
simplelkycle[mode, Owith[(1770MW CpowerCoutputCat[(1SOCconditions. OinCpureCunfired
combined[tycleltonfiguration,Chetlefficiency[bf(63%[tanbelachieved.[Burnersfor]
supplementaryCfiringCarelinstalledCinCthe[flue[gasCductCbefore[the(HRSG.[ISteam[]
generationiwith{resh@irSupplylinfhe[HRSG{{whenthe[G Tk [outlofloperation)ls[alsol]
possible,fiwofreshlairfans(arelinstalled. Il
Steamlis[generated(in(the([HRSG[@&t[B0Mbar,[11MarlandBbarpressure.[The(HRSGsU
horizontal,withmaturalldirculation.[Aldistricttheatingléconomiser[utilizes[the[Mestofthel[]
heatlhfhe[GTexhaust{coolingltldownbelow100°C)anddelivers14fo15MW heat.[]
ThelinainSteamproductionlis[at[B80bar,[530°C,WhichsiixedWith[Steambf Similar(]
parameters@romboilerB2[andlgoesldirectlyfolsteamBurbineT3.[AtHullToad ithout[
supplementaryfiringlihthe[HRSG,30Kg/s[Steam[danbelgeneratedat[B80Mbar.[]
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KIRKNIEMI
Fig.®.1: Mayoutdffhelihdustrialldo-generationfHCCOhKirkniemi, Finland.O POWER PLANT
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With[supplementaryiring,[$teamproduction[¢an[belincreasedfo[H0kg/s.(With[freshl]
airloperation[oflthe(HRSG, [Steam[production(is(45[kg/s.[Thelsteam[éxpands(in[steam]
turbine[T3{o[A 1[and[Bbar, WherelitlismixedWith[generated[steamlat(ihelfespectivel]
pressureslin[the(HRSGLand[fed1olthelindustrialCprocesslusers.[AEmalllamount[of[]
steamlis[¢ondensed[@fterfhedurbine.[TheltoolinglivaterAfter(ihe[¢ondenserlis[lised]
directlylin[thelindustrialCprocess.[Direct[pressurelfeductionlValveslarelavailablefor[]
supplying[Steam[ibfhelprocesslusershfT3lis[0utldf@peration.]
CommercialloperationLoftheChewlpartlof(the[powerplant{GT,[HRSGAnd[T3)has[]
started(ihMNovember[1997.0]
BoilerB3[s[alSimplelgeneratorlofislightly[Superheatedsteam[atl11[barlpressure,fired]
with[maturallgas(or(ail. Mt(hasbeenlihstalledfoSupplySteamibihelprocessusersiwhile]
thelcombinedltycle[hasbeenlstilllin[¢onstruction.INowadays[B3[iskeptlas[aback-upl]
boiler@ndlis[donstantlyliniivarm(stand-by.[]
AB00n’$team@ccumulatorfhasbeenlinstalledlin[orderfohelpéqualizingEhenuch]
variableSteam[demand[forfhelihdustriall(process.

0
The[fluidizedbedboilerB2Masbeenlihstalledin[1971@s@n[oil-firedSteam(generator, ]
togetherOwith(theOsteam[turbineT2.0TheboilerChas[beenconverted[to[bubbling [
fluidized[bed[in[11985,burningCvood[wasteandbarkfrom[themill{residuesfrom[]
mechanicallpulpproduction),sludgel{driedfo[45%[oisturelcontent)[and[Somelbther]
bio-wastes[from(ihelarea.Biomass[fuellislisuallySuppliedfoB2@At[a[fate [0f[3-4kg/s.[]
Oillandleoallservelassupportiuel.(dn[1997 (haturallgashasbecomelavailablelatfhe]
site,[SolfthelSupportburnersiofB2havebeenldonvertedibmaturallgas.[Sincelthen,use]
ofloilland[¢oallis[¢losefozero, buttHFOUsStillAback-upfuel.[B2[¢anbeconsidered]
as[ihel[bottoming[boilerlof(thelbverallltombinedltycle.[tls[operatedalwayslin[base]
load,[(burningfasCmuchfuellaslis[available[atthelmoment.(dt[supplieslsteamiolithel]
common[J800barCnetwork, Owith(Otemperature Jof(1510°C.O0SteamCproductionCOvaries]
accordinglofuellavailability,[isuallylaround [T (kg/slon[biofuellonly. IMaximum[24kg/s]
steam[dan(belgeneratedWithfhehelpofitheSupportburnerslatfullibad.]
SteamUurbine[T 2[s[outldfloperation, (butliskeptlasalback-up.[BoilerfB1@andsteam]
turbinel[T 1[¢ompriseltheldldestpowerunitlinstalled@tfhelsite, Ih[1966.[Theylareboth[]
out(ofloperationow.[]
Thelpowerlplantsuppliesl@lliiprocess-steamforthepaperiinachines[and¢overs@bout]
80%[bf(themill'sklectricity[Tequirements.The[totalkefficiencylisCimore[than[B0%.[]
Electricity-to-heat[tatio[{a-value)Cat[fullCloadis[11.05[10.91 (at[the[most[bftenCused]
loading).[Anlyear-average[$ankey-diagramlis[Shown[on(Fig.[6.2.1T

Il
Theltombined[kycleln[KirkniemiChas[provokedCmuch[Cattention,Cbecauselit[is[the[]
largestlindustrialCheat[&[power[unitLoflitsCkindlin[FinlandCandemploysthedirsttGED
Frame[BFAlgas(iurbinelihstalledih[Europe.l

il

Information@boutKirkniemilpowerlplantiwasl[acquiredfrom:[]
1.TAnonymous({1998),[FrameBFA[Cogeneration[Commissioned@atKirkniemi”,[]
ModernPower[$ystems,[Vol.18,[No.2,[February[1998,[pp43-51.01

Il

And[throughlpersonall@ommunicationwith: ]
1.0KalevilOMerinen,UgeneralCpower-plantdmanagerd(M-Real CKirkniemi, JFIN-088000
Kirkniemi,[Finland)(]

2.[MMNarko[Heiskanen,[Operator.[]

Theirl@ontributionlis[gratefullylacknowledged.]
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(IFig.[8.2:[Energy$ankey-diagramforM-Reallpulp&paperimills’powerplantlinKirkniemi, [Finland.[Annuallénergyflowsih[GWh/a.[l
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6.1.2.[Thelpoweriplantforihelpulp&paperimillihKotkall

l
Theltity[of[(Kotkalis[locatedlinihe[most[$outh-eastern[cornerlof(Finland.[Oneloflthel]
largestlindustriallestablishments[therelis[the[StoraEnsolpulp&[paperlmill,CpartCof]
whichlisfheldombinedldyclelindustrialldogeneration(powerplantidescribedbelow.]
Thelpowerplantiin(Kotkals[quite[SimilarfoihelonelnKirkniemi.[Algasurbinevith@ O
HRSG[produces[$team,Whichls$SimplymixedWwith[$teamdrom@Alchemicaltecoveryl]
boilerCandUs[fed[tolaltommonlkteamturbine.[0Thelycle[providessteamFor[the
industrial(processlinihemilllandfeedsélectricity[fofhedocallandhational[grids.[Thel
combined[dycle[powerlplantiwas(putlihtoloperationih[1993.[]

O
Thelgenerallayoutloflihe[combined[tyclelisishownlon[Fig.[6.3.[Theleft[sidelofthel]
figureshows[themewl¢omponents[oflihe[combineddycle,fheTight[Side[shows[thelold[]
ones.[Thelgasurbinelis[@heavy-dutyfFramel6machine,[$uppliedbyEuropean[Gasl]
Turbines.OtCsCequippedCwithCdryCow-NOx[tombustionCthamberCandOs[Cfired Cwith
naturallgas.ThelpowerloutputihSimpledyclenode@t0°Clis[41.8BW.[TheHRSGLsO
alhorizontallonelwithhaturall¢irculation.[Steamlis[generatedatEwopressurellevels3-0
80Mar@ndBbar.[Supplementaryiringburnerslarelinstalledlin(the[G T &xhaustlduct]
beforelthe[HRSG.[OperationWwithfreshlairlis@lsolpossible,@lfreshlairfanlislihstalled. I
The800barOsteamUisCproducedUat[allrate [ofJ17.8kg/sUatCfull DG T Hload Dwithout
supplementaryiring, (B3.4kg/sWithmaximum$upplementarydiringlandB0.8kg/s[@t]
freshlairloperation.TheSteamlisSuperheatedfo[500°ClandisfedlihtofheldommonB0L0]
barSteamheader.TheBbarSteamlisSuperheatedfo195°Candlsproducedatarate]
of(4.2[kg/s[without[supplementaryiring,[2.6kg/s[Withaximum3upplementarydiring ]
and[2.9[kg/s[atOreshlairloperation.[The®[barlsteamisfedldirectlyiolthelindustriall
users.[Theastheat-exchange3urfacelin[the(HRSGlis[Aldistrictlheatingléconomiser,]
providingl@around10MW [ofheat. 1T

Il
Thelbottomingl¢ycle[comprisesfalchemicalltecoveryboiler,(burningblackdiquorfrom]
thel¢hemicalpulpingprocesslandlgenerating[steamat[80bar,(480°C,[30kg/s.[Steam(]
from[iheDoilerisinixedihfhelcommonB0barheaderlwithfhelsteamfromihe[HRSGO
andlisfeddolihelsteamurbine.[Thelsteamurbinelis[ateactionype, vithmaximum(
powerloutput6f(30.3[MW.[Steaml(is[éxpandediolthefwolmajor(pressurellevelsiofihel
industrialllisers(3[@xtraction(at12barl{servingihepulpldigesters)andbackpressurelat]
6[bar({mixedWwith[the[lP[steamdromihe[HRSG[and{eedingthepaperlmachines).O]
PressurelfeductionValvesdromB0O[barto[12[&nd[6barlareAvailablelas[aAlback-up.O
AdditionallpressurelfeductionalvefromB o3 barlprovidesSteamforlotherusers@and]
heatinglpurposes. ]
Anlyear-averagel$ankey-diagram(foriheloverallldombined[@yclelis[Shown[on[Fig.6.4.0]
Il
Information@bouthelindustrialjbowerplantlin[(KotkalWas[acquiredihroughpersonalll
communicationwith:[J
Eero[Ristola,[generallpower-planttimanager{StoraEnsolLaminatingPapers,[P.O.Box[]
62-63,[FIN-48101[Kotka,[Finland).[]

His[Bontributionlis[gratefullylacknowledged.[]

[
SpeciallgratitudelistduefolAntto[KullaBromHelsinkilUniversity[of[Technology,Espoo,]
Finland,Hor[perfectlylorganising@ndeadingfheNisitsfofhepowerplantsihKirkniemill
andKotka.[Theffinancialthelp@romBvenskt[Gastekniskt[Center[AB,Malmd,[Sweden,[]
is@lsolacknowledged.
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Fig.[6.3: Mayoutoffthelindustrialldo-generationfHCClih[Kotka, [Finland.[
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Fig.[6.4:[Energy[$ankey-diagramlibr(StoraEnsolpulp&paperimills’powerplantlin[Kotka, [Finland. [
[MAnnuallénergyflows@tihemostdftenisedlbadegime, ih[GWh/a.
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6.2.[B5weden

6.2.1.[ThelCHP[plantlih[$andviken[

In[11987 theCmanagementof (thedistrictCheatingCplantCin[ISandviken[{ownedCand [
operatedbylBandvikenEnergilAB)[started@ol¢tonsiderpossibilitiesHorupgradingihe
plantlinto@RCHPMnitlihlorderiblproducelélectricityfoldovernostloftheldistricttheating
system’sCownl[heeds.[In[1988,[during[thelinvestigations[for[thelproject,LitCthaslbeen]
concludedthatCconversionOofOthedexistingCpeat-firedOboilersCintodgeneratorsdof[]
superheatedlsteam[Was[hot[feasible.lnstead,[AnlidealWwas[¢onceivedorlinstalling[&[]
gas[turbine{firedWwithOiquefiedCpetroleumCgas),(Whoselexhaustfiould[beusedfor[]
superheating[of(saturatedsteam(generatedliniheléxistingboiler.[Thelsteamivouldbe]
expandedlih[@aback-pressurelSteam[furbine,Wherelfheldondenserlspartlofftheldistrict(]
heating[system.[Thelpre-studyforiheprojectiwas(iinalisedwith[Anléxactproposallfor]
theOsystemlIconfigurationCandCeconomiclcalculations.[IDuringCtheCfollowingCyears, O
possibilitiesiwere[Soughtlibindfinancial@idforthelproject.
W
In[1991,thelprojectlivas[successfullyltompleted[andihefesultingChybridCcombined]
cycleChas[beenl[takenlinto[tommercialCbperation.JAClayout[bflCits[specificCparallel-
powered(donfigurationlispresentedon(Fig.[6.5. 0
Thelgasurbinelis[a[CentaurHinodellandfunsoniquefied[petroleumgas, With(LFOO
as[alback-upuel.CAOmixture[of[peatlandbiomass{wood[tesiduesandlothers)has[]
beenlintroduced@s[fuellinihewoboilerslafterfheeconstruction.[Steam[parameters]
arelquitelow({governedbythelbwest-costloption),pressurelof20barihiheoiler@and]
superheatb470°CyfhelGTexhaustbeforel@énteringtheST.0
D
Totall&lectricity[outputis[9.4MW,With[annual(production[offmaximum[40’000MWhe,.[I
TheelectricCefficiencyUattributed (ko [the G T [fuelConly, [reaches[160%. [The[Celectricl]
efficiencyltalculatedon[totalfuellinputCintheChybridCtyclelis[118%, While[the[main[
outputlislin(theForm[ofChotlWwaterFor[districtCheating.[Specificlinvestments[per[kW[
installedélectric(powerhave beenSlightlylessfhan[B000[SEK/KW[(1991). 0T
D
Duringiheltecentyears,@fter[fhelderegulationof(ihel&lectricitylmarketin[(Bweden[in[]
1997, [bperation[of(the[GTprovediolbelfoolexpensive.[ThelGThas[graduallylbeen]
takenloutlof[$ervicel(keptlonlyfas[alback-uppower),Whilefhe[tonstantlylincreasingl]
heatlloadlfequiredlinstallationof(hewlhot-waterboilersand@dargerieconstruction[of]
thewolsteaml[generators(fromthelhybridtycle.[Untillthe[middle[6f[(2002,theiwoll
steam[generatorsilllbedefurbishedwith[superheatingubeslandheirfpowerillbe[]
increasedfo2X20MWy,.[ThelSteamwilllbeéxpandedlihfhelSteamiurbine,producing
powerfjustiénoughlibldoverlihelih-housellbadofltheplanti@ndldistrictheatingSystem.[]
O
Information[@boutfhepowerplantihl$andvikeniwaslacquiredfrom:[]
1.0Winlof,[Tord, OKorthistorikldmprojektElproduktionGrHVCBjorksatra”, [abrochure[IIIIIT
issuedbylSandvikenEnergilAB,[$andviken,[Sweden,[August[1989.[]
2.[MNyLelproduktionsteknik.[OmbyggnadCavhetvattenpannordcriproduktionfavi@ngall
och[el”,[adrochurelissuedBylSandvikenEnergilAB,[1991.0
Thelbrochures[Wereprovided[by[{Goéran[Panth,[heat[&[powerproductionCmanager]
(Sandviken[EnergilAB,[811[40%andviken,[Sweden).[]
His[Bontributionlis[gratefullylacknowledged.
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Thel[parametersloflihehybrid[(CHPWinith[Sandviken@reldescribed@ndldiscussedby[]
Westermark(ih[1992([4.7].10
Althoroughldescriptionloflthe[plantl¢anbefoundlinlKassemand[MHarvey’'steport4.3],]
aslwell@slin[Egard(et(al.[4.2].1m
Information@boutfhepresentSituationfandfuture[plansioffheplantidan(alsobefound
onliheldompany’'siweblpage:iMww.sandvikenenergi.se.l]
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6.2.2.[TheOId[CHPWMnNitOhEskilstunal

Thislislthelonlyléxamplelof(@ldyclefesemblinglafully-firedhybridi[dcombined(dycleléver[]
putlintoloperationinfScandinavian[tountries.[Thelold[CHPunitlnEskilstunaléntered
commerciallServicelatfhelénd0f1991.[Theldyclel@émploysSupplementary(iringof(part(]
oflthel@éxhaustlgases(from@lgasurbinewithiwoodresidueslin[a[CFBmoiler.Thelplant
configuration@ndldperationalléxperiencel@acquiredfromlitsi@peration@relinique.]

l
InftheCend[of(the[1980’s,the[ownerandlLoperator[oftheldistricttheatingChetwork[n[
Eskilstuna,[TekniskalVerken[{presentlyEskilstunalEnergil&[Milj6[AB),hasldecidedfol]
improve[thesecuritylofCdistrictCheat[Suppliesthroughelf-sufficiencyWwith[&lectricity.[
UntilCthen,thelBystemhasChadCholklectricityCgenerationCunits.tChasCbeenltotally]
dependentlonpower@romhelcdommonlelectricitymetworkinlorderorhedoilers@nd
circulation(pumpslioloperate.[Thelavailable[émergencylunits[{diesell[generators)had
notlbeenlabledoltoverihepowerldlemandlindimesloffpossible[&lectricityl$hortages.[]
Onelofltheloptions(for(solvingthisfask@ndimprovingihelSystem’sieliability(had been]
thelCacquisitionCofChewargertdieselgeneratorsCasCemergencylpowerupplyunits.[
Anotherloptionthad@pparentlybeenlthelinstallationlof(Stationarylelectricitylgeneration]
equipmentl@andléonvertingfheSystem[ihto[CHP.[I
Among[ihelseverallpossibilitiesorlconvertinglonelof[iheboilerslinto[al¢o-generation]
unit,fhemosttewarding@ndl¢ost-effective[bneWasfoundobefhepurchasinglof[al]
smalllgasurbinelandihermallyltonnectinglitlio[theldistricttheatinglhetwork[andihel]
boiler.[TheloptionHordransformingiheboilerlinto[al$team[enerator[@ndlinstalling[al]
steam(furbineasbeen(@bandoned.[]

N
Thelkelected[pas[turbinelis[alSolar[CentaurCHOmodel,[suppliedCbyABB[StalCABL]
(presently[AlstomPowerBSweden[AB)throughsub-contractors.[Thel[GTlk[of[@lSingle-
axleldesign,[packagedlihtol@l¢ontainerlas(aléompleteUnitiwith[generatorand(@ir{ilter.[]
ThelelectricityCoutput[at[D°CLambientlairltemperaturels[#.3[MW,&lectriclefficiency
27%,[pressureltatio[BLandexhaustdemperature510°C.[Liquefiedpetroleum@asthas]
beenlselectedlaslihelain{ueldorihe[GT[{with[dieselloilfas@back-uplandStart-up]
fuel).Naturallgaswasbelievedfolbecomelavailable@tltheSite[afterlSeverallyears,[$ol]
atlthefimelof(projectpreparation[haturallgashasbeenViewed[asihelprospectivefuel
forlthe[GTlh(thelbngiun.

O
Thelboilerdolihichfhe[GThadZolbelfhermallylconnectedhasbeenlihelargestland]
mostCmodern[boilerlinCEskilstunalatihatdime.Otls[ABO MW, [CFBunit,[generating]
saturatedlIbw-pressurelsteam@ndhotiwateréntirely(forfheldistricttheatingmetwork.Tt]
has[beenlsuppliedCby[Kvaerner{eneratorCABCandhas[startedCoperation[in[11986.]
Forestliesidues[and[3awdustlare(thelfuelsforihe[CFBoiler.[Fluelgas[¢ondensation]
unitihasbeenlihstalledbehindt, [fecovering7 MW [heatforthe(districtheatingetwork.[]
AnotherBMW ow-temperaturelheatfromihefluelgas(condensationlis[lipgradedbyl]
heat-pumps@ndldelivered(ibiheldistrictheatingmetworkliniNeryldolddays. I

[

Thefirstiplansorl¢couplinglihe[GTHolthe [CFBboiler(havefeatured@fully-fired[¢ycle
configuration,vherelallléxhaust@romihe[GTs[directlyfeddoihe boiler@ndised[as]
combustion(air.[Thisthoweverhas[provediobeuinfeasible,theoilerl¢ouldmot@ccept]
alllexhaustigasesfrom(ihe[GT.[AlGostlyland[Gomplicatedfestructuringlofltheboiler(had
beenlhecessary,[Whichivould[alsoleadfolhighldependencelofltheboilerlonhe G T
with[@éonsequent[sacrifice[ofdeliability. [Furthermore, fhe[GTltself(couldnothandlethe ]
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hightbackpressureltaused[bylihefluidizedbed[boiler{high@xialdorcesldccur,Which[]
would[gdauselmalfunctions).[The[fully-fired[donfigurationeeded[ibberevised.]

W
After(furtherC€onsiderations,thelarrangementlof[the[componentsfhas[beenl&ltered.[]
TotallindependencelofltheDoiler@nd[GT, Minimumldisk@ndminimumdosthave een]
sought.[Onlyhalfloflthe[@xhaustfromihelGT(52%[0fthe [{otalflow)WwouldbelSupplied
asCtcombustion[hir(tothe (ICFB[boiler,Cafter[toolingCdownto[M00-110°CLnCaCheat
recoverylunit[{districtCheatingCheatUexchanger).[TheCheat[recovery[unitChas[beenl]
suppliedbyKvaerner[Generator[AB.[Thelédombustion[@irFDHano0ffhe [CFBDoilerhas
beenlkeptlin[bperation,[supplying@mixtureofreshairandhalflof(iheléxhaust@rom
the[GT[({thefemperature@ffhemixturebeing70°CHEthe Maximumhefanléanhandle
in[@ermsloflfemperatureandVolume).[GTéxhaustiivouldhotbelusedas[combustion]
airlin@heoileriivhenihe[GTOsiredithldiesel{uel, [Holalleviate [anyHisksof ($ulphur(]
corrosionlin(theoilerland(FD{an.[Theluelgas(fecirculationsystemlofliheboilerthas]
beenladapteddolmakelpossibledurthermount[of[GTeéxhaustiolbe fedfotheboiler,]
instead[of[tecirculatingflue[gasesirombeforeihelstack.[Thefestlofihe[GTéxhaustl
flowlvould[belteleasedolihe$tackWithout[passingihroughheflue[gaslcondenserl]
(higherO,[contentOwouldUowerthel[fluegas[tondensation[temperaturesCand[the[]
recovered@énergyWwouldDelihlgenerallquitedow). I
Theffinall@ycleldonfigurationis[Shown[on[Fig.6.6.]

[
Thelhybrid[¢yclelinCEskilstunalhas(started[commercialloperationlin[ihe[&nd[of(1991.0]
Specificlinvestments[haveamounted@o[around (72508 EK[{1991)[perlkWqlinstalled
power.[Totalléfficiencylofl@énergylutilization[ofthe[G T fuellwas(dalculatedfobe [84%[at]
independent[G T [bperationWith[onlylheattecoveryorldistricttheating,[94%linhybrid ]
combined(¢yclel¢onfiguration[{halfléxhaustflowIrom[GT Hoboiler)[and[98%withflue]
gasldondensation. ]
Measurements[ofltheMOx@missionsfrom(ihel@ombinedunitthave beeniakenlh[April-
May[1992.[Thelfesultslhave[provedihelpossibilityfoldestroyINOxFrom[G T [exhaustihl[]
the[CFBboiler,whichisonelimportantladvantagelofithefully-fired@rrangement.

O
Low[eémissions[ofNOx[havebeenlonelofithelimhain[goalsiduringfheldevelopmentofithel]
wholelproject.[TheIGThas[beenequippedwithCivaterlinjectionCintheCtombustion[]
chamber[(9400/hiwaterléonsumption),whichldecreasesNOxHormationfrom12.5[kg/h[]
told[kg/h[{atpowerldutputiSlightlydessihanfulllpower).

Il
NOx[emissionsromihe[CFBoiler(alonehaveleen15kg/h(at{ulllpower.The{otal]
emissionsfrom(ihe[GTandboiler,iworkinglindependently,[@qual19kg/h. ]

O
NOx[emissions[fromtheICFB[boiler,[WwhenlhalfCbf(the[(GTexhaustlis[suppliedas[]
combustionlair,[(havelemainedlatihellevelof(150kg/h.[Thisdeadsfoliheltonclusion]
thatfallINOx[tontent[df(the[GTLeéxhaustfediolthe[boilerChaslbeenldestroyedlinthel]
boiler.[OTotalCemissions[ofC(NOx[from[thelhybridCtombinedltycle[tonfiguration{only[]
aroundhalfCof(theOGT Cexhaustlis[fed (ko[ the[boiler)Caretherefore[117kg/h.C0The
emissionsfrom(the[GTltselfhavebeenldecreased[ivo-fold.I

[
TheldecreaselinlfotalINOx[M@ormationachievedbyihelhybrid[configuration,[compared]
tol$eparateloperation[of(the[GT[And[CFB[boiler,lis[¢losefo[10%{or[50%{orihe [GTL
exhaustltself).[]
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Fig.®.6:[Schematiclayoutlofithe0Id[CHPHCCunitihEskilstuna,[Sweden.[
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Thelgasurbinelhasbeenloperatingfor(severallfhousandhourslannually@tfullload,]

duringlseverallyears[afterlitslinstallation.[NaturalljaslisCstillLhot[available[atthe[Site[]

andherelisimolperspectiveforla[NG[pipelinefolfeachihelsitelinihemearerm.[After]

thelderegulation[oflthelelectricityCmarketlin(Swedenln[1997, &lectricity[prices[have[]

fallenSharply@ndloperation[offhe[GTon@nyfuelldtherfhanNGhasprovediobefool]

expensive.[INowadays, [fhe[GTs[hotloperated{the[old[CFBhoilerlisistilllin[dperation]

as[alSupplementfolaverymewlandinoderniwood-chips-firedSteam[dycle [CHPnit&tO

the[Same(Site).[ThelgasiurbineliskeptibriémergencylpowerSupply.O

O

Information[@boutfhedld[CHP [plantihEskilstunalWwaslacquiredirom:

1.0Bjorklund,CAnders;[Bohman,[(5am,1CFB-pannalimedbiobransle[Som[Avgaspannall
ochONOx-reduktionJforJgasturbin”,JFinaldReport, 1 TekniskalVerkenl (Varme),[
Eskilstuna,[Sweden,[August1992.0]

O

And[throughlpersonall@ommunicationiwith:

Anders(Bjorklund, heatl&[powerplantianagerl(EskilstunalEnergil&Miljo[AB,[Varme,[]

631[B6[Eskilstuna,[Sweden).[

His[Bontributionlis(gratefullylacknowledged.

[

ThehybridunitihEskilstunalsidescribed@lsobyEgardétlal.[4.2].0]

104



Hybrid[Combined[CycleswithBiomassandWaste[Fired[Bottoming[Cycle.[Aliterature[Study. MMMIIITIMiroslavPetrov, [Feb200200
Chapter[®:[[State-of-Art[6f(HCCwithBiofuel-fired BClih[Sweden(@andlitsheighbouring@ountries”.[]

6.2.3.[ThelGarstadMSW-incineration[CHPplantihlinkdping [

AlperfectléxampleloflalMSW-incineratinghybrid[dombinedldycle[do-generation[plantlisl]
the[Garstad[Avfallsanlaggningihlink6ping,[Sweden.[]

W
The[MSW/incineratorsfin[LinképingChave[beenirstlinstalledlin[1981-83[inLordertol]
providelincreaselinldistricttheatingSuppliesiwhile@eplacing[expensive[fossilfuels(and ]
alleviatingthe andfilllproblemsorimunicipaliwastes.[Alfotal[ofthreelincineratorshavel]
beenlinstalled, With[alfotalheatldoutputldf (T 3IMW hitiallylinfhe formof(hotwvater. InC]
thelbeginninglLof(the[1990’s,[hewlplanslstartedio[émergefor[upgradingtheldistrict[]
heating[plantfintoCalCHPCunit,(WhichCmeantCtonverting[thelincineratorsCinto[steam
generators.[Theloptimall$olutionfwas[sought,[and[eventually@alhybridl@ombined[¢ycle]
configurationOof(IMSW-based[Isteam[generationOwithOsuperheatingCbyCgasCturbined
exhaustlgaseswas(selected@s(themostpromising. I

O

Thel¢onversionlof[fhelplantiivaslélonelin[1994 [andlin[éarly[1995{hehewhybrid[¢o-
generationCtombinedCtycle[enteredCtommercialCbperation.[ThelbverallCtycle[ayout[]
withts[BasiclparameterslisShownlonFig.6.7.0]

0

0
Wasts Steam 207°C, 18 bar DQ<}
incineration | > %
boilers 73MW |

I 0 Feedwater tanks

Heat
recovery

i Steam :steame
| drum ey
' ’ ‘__ -

Ammonia =L

Alr Gas turbine

OooOooooofooooooooooooogogdg

O
) G © Steam turbine
o District heati
O§§ b;i::_‘“"‘:" pun:@psl eating
__, -
0 € Direct condenser 0 3
Heat condenser @ — 3 .
W 83MW Fig.[6.7:[Garstad[HCCO
@ Mising ) CHP[plantfihLinképing,
- vaporEiol Sweden,0 withD) MSW-
‘ Y @ L i fired() bottoming[J cycle.O
4 : 50°C CycleQayoutCand[basicl]
> P, parameters.[]
O
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Thellhreelincinerators[fjenerate[$aturated$team,Whichlis[$uperheatedlin(the(HRSG[I
afterlihelgasliurbinelandfedfoAalsteam{urbine.[AlllSteamls[éntirely[Superheatedby[]
exhaust[ases[from[thel[single[gaslturbine.[Backpressure[tondenserCandCanother[]
steam[éxtractionurther[uip-flowfromdhe[STprovideldistricttheating.[Thel[GT,Wertical ]
HRSG,ST,CelectricClgeneratorCandCtheirCauxiliaryOJequipmentChave Cbeenthe Chew(
additions[io[the[(MSW!CincineratorsltluringthelplantC¢onversionlinto[A[CHP[Lnit.[The[
GT,[ST@And[electricl[generatorllieldnldnelSingleShaft. Il

l

Thelsteam[parameters[oftheIMSW-incinerators[are[duite (nodestF-[207°C[at(18bar(]
(33.60kg/s),[fuledbyltheTlowest-cost’[solutionforLtonversionLbf[thelbldChot[Water]
boilerslinto[steamlgenerators.[Additional$team[is[producedlinheHRSG [At[ATate [Of]
4,4 kg/sCanddirectlyCmixed[Wwith[the[steamdromthe[MSWUlincineratorsCbeforethe]
superheater.[Steam[issuperheatedto[#30°CL{with[totalCmassflowbf(B8[kg/s)andl]
expandedlin[ihe[STHol0.86[barl{high-temperaturelcondenser{orldistricttheating) @nd
0.36arl({backpressurelcondenserorldistricttheating).[Theldistricttheat[Supply@tHull(l
load[reaches[B5[MWy,.[DirectlsteamcondenserCwith[pressurelreductionCivalvellis
installedOforOprovidingOdistrictOdheatingd(78 UMW) DatOtimesOwhenOthe OG T O(and U
consequentlyihe[$T)Areloutof[operation.[]
AlSelective[CatalyticlReduction[de-NOx[rfeactor(islinstalledin[the[HRSG, etween(the]
firstlandfinalStages(ofiSuperheating.[]

[
Thelgas[iurbinelandsteamlturbinelhavelequallbutputs[6f(25[MW,,eadingioliotall]
electricalloutputld6f(50MW [@At[fullload.[ABB[Stal[AB{presently[AlstomPower[Swedenl]
AB)MasSuppliedbothiurbines.ThelGThs[@win-shaftCiIGT10”model,firedbyILFO. s
efficiency@tSOLtonditionslis[33%. Waterlislinjectedlinfhe[combustion[chamberor
NOx[fteduction.[FurtherCNOx[teductionlisLtomplementedby[the[Selective[Catalyticl]
Reductionfuinit,lwvhich[éonsumes@round 100 h[ammonia-water[$olution[([25%NHz[h[]
water).[The[$TOs[albw-pressure[ABBIVAXILTDH[iype. I

[
Fig.[6.8[presentsCalkchematiclbfl theLMSW incineratorsCwith[theirCmajorCauxiliary]
equipmentorCexhaustlgaslCheat[tecovery[andireatment.[SortedCmunicipal(Wwastelis[]
receivedCandstoredfor[alshortlivhilelin[theWwaste[pittJ[bunker{1).[Thelbperator-
controlledl¢rane((2)feedslinbatches(thefuelhoppersiofiiheIMSWihcinerators.[Each[]
incineratorhas(anlinclinediravelling[grate,folwhichMSW s [¢ontinuouslyfedfromhe
fuellhopper,Withoutlany[pre-processing.[Thelmainf¢ombustion[zonelinthefurnacelis]
abovelihelmiddle[partloflthelgrate[(3).([FansSupplylcombustionlairbelowlihelgrate{4)
and@tiwolatherdevelsiplinfhefurnace.lAshfromihefurnacefallsfromiheravellingd
gratelihtol@lslaglBank,[¢ontaininglwater([(5).[The[@shlis[¢ooled@ndlconveyedlfolalslag]
bunkeror(subsequentisortinglandldeposition.[Generated[$teamlinihevall-tubeslis[]
collectedl@ndrefinedlihfthelSteamdrum@bovelihefurnacel(6).[Recirculatedfluelgasis]
fed(backiolthedurnacedrom[beforelthelstack{7).[Urealislinjectedldirectlylinto[thel]
furnacel(8){or[¢controlldn[INOx[émissions.[Fluelgaseslafter(ihefurnacelpassiihroughl]
thelsecondleconomiserlstagelandthen(throughlan[electrostaticprecipitator[{9),which[]
isCusedmostlyCat[boilerCstart-upfegimesLandlin[speciallbccasions.[Flue[gases[arel]
furtherléooledldownbylthe[irstisStage[oftheléconomiser@ndladditionalldistrictlheatingl]
surfaces,[beforeliheylarededdolfhefluelgasiScrubber{10),At[afemperaturelslightly]
morelthan200°C.On(thelscrubber,flueldgases(arefreatedforidfemovinglhydrochlorides,]
ammonialland[volatileCmetalsCbyOsaturationCwithOwater. [T he [toxicCpollutantsCare [
convertedlinto[solubleCtompounds,imostly[acids.[After(the[scrubber,thefluelgasesl]
with[@emperature[df(150°CL&nterCanotherdistrictlheatinglheat[&xchanger{11),[Which
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recovers[heat[by[tondensing[partLof(theCmoisturelin[theflue[gases.[Thenlthelfluel]
gases[enter[alrotatingCairCpreheater(12),[whereOmoisturelis[furtherCJcondensed.[]
Condensatefrom[thelscrubber,[heatl&xchanger[11[andthel&irCpreheater[With[Very[]
highevelloflaciditylis[¢ollected[and[Sentiothe waterlfreatment[plant[(13),where[it0s[]
neutralisedWithime[&nd[$ubjecteddolcomplicateddreatment.[Afterihelair(preheater
on[thelflue[aslpath,dimeltanlbelinjected{14)For[tontrol[bfdioxinCandsulphur
emissions.[Finally,[fheluegasespassihrough@argeag-housellfabricilter{15),
which[donsists[of[700{extile[fubes@ndlisfhemain[dust-controlldomponent.[Beforefhel[]
fabricfilter,[¢ertainfamountlof[heatlisfransferredackotheflue[gasesbywvaterfromL]
theldistricttheatingheatléxchanger[11,lin[orderfolassuremoldondensationlin(theffilter.(]
AnlIDfan[{16)[ihjects[partloflthe fluelgasesbacklintodhefurnacel@ndihelrestihrough]
thel@xhaustStack{17)@t@femperature@f70°-90°C.0
Thelamount[of(heat[fecovereddorldistricttheatingyl¢ondensationlof(fhemoisturelin]
thefluelgaseslis@around15MWy,, which[adds[ioiheheatfromihe[$Tdondensers, butl]
partloflitisransferredackioheléxhaustlgasiblavoidldondensationlihfhe fabricHilter
and[Stack.ThelibtalléfficiencylofleénergytilizationlfromMSW is[ashigh[@s[95%.

O

O

Sleam
17 bar 207°C

70°C

Fig.[6.8:MSWIihcineratoriSchematiclin[Garstad[CHP[plant.[Flueldas[path.[]

D

W
ThelGarstadpower[plantlconfigurationls[quiteUinique.[WpgradelofltheloldMSW-fired[J
incineratorsCinto[AalCHP[unitChas[beenlachievedwithCminimumClinvestments,bf(the
order(of[6000[SEK [perkW lihstalled[électricldapacity[(1994).[ThelSpecificlintegration(of[]
thel¢combinedl¢ycle@ndihefotalldependenceloflelectricity[@enerationlonlgasurbinel]
operation[{fulllsuperheatlby[GT[&xhaust)leadstodowTlexibilityLof[thepowerlplant,]
whoselmain[purposel@ctuallylisfiolincinerateLIMSW.[TheMSW-fired[boilers[and[fasl]
andsteam[iurbinesChavelvery[malllrangelbflindependent[bperation,yet[atCsmalll]
deviationsfrom[fulllpoweriheperformancelis[quite[Satisfactory.[Table®.1[presents@n]
exampleldfiSomellbadldombinations.IIT]

O
Theltombinedltycle[(CHPunitthas[beenlbperatedwithoutCanylmajor[problemsfor[]
severallyears,[Supplying[700’000[MWh[of[districttheatlon[averagel[perlyear.[Thellisualll
operatingmode [forUtheIGT has[beenaround[5000-6000ChoursCperlyear,[whichd
togetherWwith[ithe[ST[generate[235'000(MWhLe&lectricity.[Thelplantlburnsiivasteslihotl]
onlyfrom[thebcallinunicipality,butlalsofrommanylotherl@ommunitiesiWithin[afadius
ofCmore[than1100Ckm, Cwith[CatotalCofCaround[(600°000C0nhabitants. JApproximately
220'000donslofMSW areldeliveredland[combustedléveryyear.[Asheslin(amount[of(]
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50’000onsarelprocessedforiecoverylofliron[(4'000{/y)EAndldepositedlin[al$peciall]
landfillCclose[tolthepower[plant.CTTheplantChas[permissionCandtapacity[to[burn(]
250'000tons[MSW [perlyear,thelthreelincinerators[iogethertanlhandle[B1[1/h[{8.6[]
ka/s).O

[

[

Table[6.1: [DatalforiSomelbaddombinationsof[GarstadMSW-fired[HCC.

0

MSWIihcinerators/IG T lbad[ratio] %[ | 100/10000] 80/10000 2100/8000 100/50[]
MSWIihcinerators'lbadl] MWI[] 730 580 730 730
GTHuellihput MW[] 7411 7411 610 4301
Electricityldutput[] MW[] 4907 45[] 42[] 3201
DistrictHeatoutputd MWI[] 830 720 7900 730
RatiolbflelectricityCbutputto[GTFuellnputl

(el. @fficiency Attributed TG T el Bnly) ] 0| 0660 | 06107 06901 0,740

l

W
Atlpresent,[thelgasl[turbinelisChot[bperated,[dueltollowlklectricity[priceslafter[thel]
deregulationloffhel&lectricityliarketlin[(Bwedenln[1997.[The[GTHuellpricestuledut]
anyléconomicloperation.[Only[districtlheatinglisldelivered,Dylusingldirectiéxpansion[0f[]
the$aturatedSteamdromdhe[MSW!/ncineratorslinihe[pressurelteductionValveAnd[
condensationlinfheldirectldondenser.[Theliwo{urbines{(GT@And[$T)[areKeptieadyfol]
startleélectricitylgenerationlwheneverlhecessitymaylarise. Il

il

Information@boutGarstadMSW-fired[CHP [plantlihlink6pingWas@cquiredfrom: [
Kreij,[Sven-Erik,[**Cogeneration[and[RefuselIncinerationin[Linkdping”,albrochure
issueddy[TekniskalVerken[AB,Iinkdping,[Sweden,[April[1994.[]
Kreij,[Sven-Erik,[KonverteringillKraftvArmeverk”,[WVVS-FORUM,Nr.1,[January[1994.[]
“ThelGarstad[CHP[Plant”,[abrochurelissuedby(TekniskalVerken[AB, Ilinkoping.[]

Il

And[throughlpersonall@ommunicationiwith: ]
Ingellindahl,[projectidesearch(&[development(TekniskaVerken[AB,[Box1500,581150
Linkdping,[Sweden).

His[Bontributionlis(gratefullylacknowledged.

il
Thel[Garstadwastelincinerationybrid[CHP[plantih[Linkdping[islalsoldescribedlinthe]
recentUreportCbyBartlettCandHolmgrenJ4.9],[2001.007 heCauthorsUinvestigate [the
feasibility[of(éonvertingfhelgasurbineldyclelinto@nleévaporative[GT[¢ycle[and[raising]
thelsteam[pressure,[thuslimproving[the[performance.[ThelstatementsCmadelinlthel]
reportarel]supported]bydextensivedsimulationsCandcalculationsOofOthedcycleld
modifications.[An[nsightlinto[fhe[éffectlon[CO,[émissions[andLdistricttheatingloadisU
alsolprovided.[4.9]0

D

Thelplantlis@lsoldescribedbyEgardletlal.[4.2].00
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6.2.4.[ThelCHP[plantlihKarlskogall

Anotherléxampleloffalhybrid(powerlunitfromihelearly[1990’s[in(Swedenlisthe[CHPLI
plantlihKarlskoga. Il

O
TheldistricttheatingCplantlin[Karlskogal{owned[and[bperated[by[KarlskogalEnergil&[]
MiljoCAB)Was(nitiallyCputCintoCoperation[n[1985,[comprisingdive[boilers,[delivering]
districtlheat(@nd(alsohotlWater[and[process[Steamforhemearbylihdustries.In[1991 [it[]
wasltonverted(into[@[CHP plantbyfeconstruction[ofltheBoilers@nd@ddition[ofAlgas]
turbine[with[ACheatlfecoveryl[steam[generatorCand[Alsteamturbine.[TheltotalCheat[
outputloflfthelplantiwas(alsolincreased.

i
Thelgasurbinelis[Afwin-shaft(’\GT10”[Modeldrom[ABB[Stal[{presently[AlstomPower[]
Sweden[AB),HiredWwithliquefiedpetroleumlgas.Theldesignpowerloutputlofithelgas]
turbinelis[25[MW.[Albnel[pressurelevellheattecovery[steamlgeneratorlissituated]
behindheldgasfurbine, SupplyingSteamfofheSteam{urbine@td5Mbar,[460°C. 1
Thelsteam[furbinelis[abackpressurefype@ndhasamominalpowerloutputldf12MAW.0
ItOslihstalledonfalcommonrainwith@helgasurbineandihelelectriclgenerator{both
turbineslhavelgearboxes).[Thelfotallhetl&lectricity(butputlis(B6 (IMW.[Bteamfrom[the]
common(header[d¢onnecting(theloldboilerslisldeliverediolihesteamurbineat25bar, ]
300°C.ThebackpressureldondensersSupplydistricttheat. Il

il
The(fivelsteam(boilersutilize[aVarietyldffuels.[TheSmallestlone [(12MWy,) is[ABISW
incineratorlof(thelgratetype,FiringLaroundB5000ons[MSW [annually.[The[hextiwo
boilers[areloilland[gas/oillired.[Thelastwoboilers[({CFB[boilers[of(40[MW,[each)[]
werelihitiallyfiredWwith[doall@nd[peat.ILaterlon,increasinglamounts[ofiwoodchipsiwere[]
used,fogetherwith[peat[&nd$malllamountlof[¢oal. (WoodchipslofVarious[origin[¢an]
alsolbel[mixedwith(theLIMSW [andiredlin[theWastelincinerator.[Thelboilers[deliver]
steamfolfheirlcommonisteamheader@t25mbar,[300°C, Hromwhichitlsdistributedfio]
thelsteamfurbineland@olindustriallprocesseslinliheVicinity.[The[fotallheatloutput[of[]
theplantis[160MW,.[Theliotalfuellénergylihputlinldesignihodelis[210MW. I

U
ThelgasturbineOwithCtsCheat[recoverysteamgeneratorChave[been[takenout[bf(]
operationlinthebeginning[bf(1997,[After(thelteregulationCof(the(Bwedishl&lectricity]
market@ndhelsharpldecreaselinlélectricity[prices.[ThelSituationlis[Similarofhelother(
Swedish[plantsidescribed@bove,Whichléannotlgenerate[electricityWith[aprofitiinless]
cheaperlgas(furbinefuellis[available.Thelgasiurbinelis[still[keptforback-uppower.
ThelschematiclayoutoflthelhybridldyclelihKarlskogalsShownlin[Fig.6.9.0]

O

Information[@boutthehybrid[CHP WinitihKarlskogalwasacquiredfrom:
1.*Karlskogalkraftvarmeverk”,[albrochurelissuedby[KarlskogalKraftvarmeverk[AB,[]
(presentlyKarlskogalEnergil&[Milj6[AB),[Box42,[69121[Karlskoga,[Sweden.[

O

And[throughlpersonall@ommunicationwith: ]
BengtRonngvist,[0perationhanager,@nd(l

Per(Lidell,Meat&[powerlplantimanager, [{KarlskogalEnergi(&Miljo[AB,[Box[42,[69121[]
Karlskoga,[Sweden).[

Theirl@ontributionlis[gratefullylacknowledged.]

i

Thelplantlis@lsoldescribedbyEgardletlal.[4.2].00
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Fig.[®.9:[Schematicllayoutlofithe[CHPUnitlin[Karlskoga,[$Sweden.Main[domponentslaremumberedihfhefigurelas:[1-[districtlheatingfeturn,3-0
finallheatléxchangers(bridistricttheating,4-[districtheatingSupply, B-MHeatl@ccumulator,@-[feedwaterfanks,11-MSWIihcinerator12MWy,,[12-[]
oil-firedoiler25MWy, [13-[gas/oil-firedboiler25MW,,[14-biomass/peat/coal-firedboiler[d0MWy,, [15-Diomass/peat/coal-firedBoiler40MWy,, [
16-hain(Steamheader(at25Mbar,[300°C,17-[Steamiolihdustriallisers,18-[Storagefor[G Tfuel [{liquefied[petroleum(das), 20-[@évaporatorforthe ]
liguefiedlpetroleumigas,21-22-23-[das[furbine,[24-heatfecoverySteamigenerator,25-[Steam(at[45[bar,[460°C,[26-[Steam{urbine, 27-l.gene-
rator(36[MW,,,[28-backpressurelsteam{dondensers(foridistrictlheating.
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6.2.5.[Thel[CHP[plantlin[Helsingborgll

l
Thelmajor[CHPunitlin[Helsingborg,$outhCSweden,hasbeenltecentlylteconstructedl]
anduipgradedlintolalhybrid[écombined(¢ycle.[Thislis[thehewestlinstallationin[(Sweden]
andhelcommerciallpremiéreforlthe IGTX100"[gasdurbinelodelldevelopedyABB[
StallAB[{presently[AlstomPowerSweden[AB). I

W
ThelmajorfCHPnitlnthedownlbf[(Helsingborg,[Al$teamltyclediredmostlybylcoal,[]
owned[AndlbperatedbyHelsingborgEnergilAB{presently[OresundskraftCAB), had[&l]
capacity[of(64 MW [of[electricity[and[132[MW [ofldistrict[heat.INecessity[has@risenlfor]
anlihcreaselofltheinit's[¢apacitylinlorderfoldoverihelgrowingbcalheatldemand@nd
thelsharplyCgrowinglelectricityLdemandthroughoutlSouthernC5weden,[together[ith(]
increasingfuelflexibility[@ndeliability. 1D

InCaccordancelwith[thelmunicipality’sCstrive Hor(owereénvironmentallimpact, Hiring[LofJ]
wood(pelletshaseenlintroducedhiheoilersince1997,Meplacingnostloftheldoal.[]
Furthermore,[haturallyaslis[availablelintheltegion,[$olanyJuturelexpansionshouldd
havelobviouslybeenbasedéntirelylonaturallgas@sfuel.O

il
Inffhelénd[0f(1997,[decisionWwas[faken{folinstalllhewltapacityat[the[plant’s[site.[Twol]
optionsiwerelgdonsidered(Feéxtensionloflthe[Steam[plantbasedon@ldondensingsteam]
turbinelorlintegrationloflalgasiurbinelintofheloldSteam[dycle.[ThelSecondloptioniwasl]
viewed[as[thuchlmorelattractivelforthelSpecificldonditionslih[fthefbwn’slénergylSystem[]
(specificClcorrelationCofCelectricityClandOheatCloads, OgoodOpower-to-heatOratioCand
decreasel[bf[toalltonsumption).[With[thesupport[of(the[(Bwedish[NationalCEnergyl]
Administration@ndthel[DelegationforEnergySuppliesfor[SouthernSweden,[ABB[S$tall]
ABlof[Swedenhasbeenlawarded@lcontractfor(thelinstallationloftheirirstunitlofthe
verydnewmodel1*GTX100",DofficiallydintroduceddinOmid-1997.0TheOfinalCcycle
configurationfesembles[thosel[of(the[Finnishlindustrial (CHPplants[describedlinthel]
first($ection[oflthisl¢hapter.[The[GTWwith[A[HRSGLWworks[independentlyfromiheain]
boilerlandproduces[additionallsteamin[parallelfoheboiler,WhichlislmixedWith(the]
steamd@rom(iheboilerlin[AHP $teamheaderlandlsed@ola[common[$team[furbine.[]
Thelibtalloutputloflthehybrid[dombined(dycleplantivouldbe126 MW [oflélectricity[@nd ]
186MW [of(heatorldistrictlheating, leadingloalpower-to-heatfatio[df[D.68, (at[fotal ]
efficiency[0f(90.6%. [

Thel@ombined[dycledayoutisShownlon[Fig.[6.10.0

U

Thelgas[turbine[F'GTX100"0sdevelopedasCanlCindustrialCimachine CwithCefficiency
rivallinghatlof(the[aeroderivatives, While[featuring[$simplel¢onstructionandbwl¢osts, ]
lowCmaintenanceltequirementsCandChighCavailabilityCandreliability.(The[GTChasCand
electricloutputlof[43IMW LatISOLeonditions[{{with NG [as[fuel),[pressuretatio[o6f[20:1[]
andfhermallefficiencydf(37%,maintaineddown[fo[70%load.Exhaustlgases(leave @t[]
546°Cwith[Ahassflowdf122kg/s. I

Thel[GTLslof(alsingle[$haftCarrangement, [withC15Ccompressorstagesand[Biurbined
stages.[oThe[tompressor[has[been[thelbbjectCbf(somelkpecialltdesignprocedures,]
resultinglihléontrolledldiffusion(airfoilsiandVariable[geometryforihe[irstlthreelstages.[]
Tipleakagelisiminimisedby@pplicationslofldovellhaterials. [
Theltombustorlslof(the[annularltype,having[BOlburnerslof(the[AEV [ tlesignforlairy[]
ultra-low-emissionl@éombustion.INOx[@nd[CO[@émissions[arebelow15ppmvionmatural]
gaslandBbelow25[ppmvioniquidiuel,dverlallbadiangeldownfo50%[(at[15%[0,). I
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Fig.[®.10: Schematiclayoutlofithe mewlyfeconstructed[CHPMnitlih[(Helsingborg.O
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Dual-fuelCcapability[bf(the[gaslturbinelis[albuilt-in[featureCandswitchover[betweenl]
fuelsi{gaslorioil)[atfulllbadlispossible.]
Theléxpanderlisibuiltfaslonelodule[andlis[boltedfofhe[compressorlshaft.dts[threel]
stages(arelhighlyoaded.[The[first{stage[Vanesland[blades[are[madelbf[alsingle-
crystalOmaterialCJandOgenerousOcoolinglisCOprovided ObyOextraction CofCairCfromCthe
compressor.[ThelGTuns[at6600rpm.[
InAalpurelcombinedleyclel¢onfiguration,fhe[GTtanfeach[62 MW hetldutput[@t[54%[]
efficiencywith[dual-pressurelSteambottoming[dyclewithoutbeheat. [l

O
ThelmainboilerlofltheldldSteam[Byclelis[alpulverizedldoallSteam[generator,Using@lsol]
HFO@s[Supportland(start-upfuel.dtsfull-loaddapacitylis[220MW,, Which[fenerate 3201
kg/slsteam[at[110Mmar,[338°C.[Firingdfivoodpellets(hasbeenlihtroducedihroughihel
same[fuellpreparationsystem.[However,{ullldoadtannot[belteachedlonlyConwood[
pellets,[SolaB0/50mixturewithldoallisusuallydsed.O
AMHRSGMWwith[@Dbypass(StacklislihstalledbehindfhelGT.[Steam@tlalsinglepressureof]
113[bar, superheatedto[6520°C[with[aflowbf115.5[kg/s,(Os[yeneratedby[the (GTO
exhaust[and[mixedWwiththe$teamfrom[ihenainboilereforebeingfedfothe[ST.[AL
districttheat[@conomiser(surfacelltilizes[fhelow-temperatureheat[of[the (G T[&xhaust]
and@ddsA8MW,dohe168MWfromiheSTBondensers.[

l
ThelGT,Dts[electricfgenerator{driven@hrough@algearbox)and[A[HRSG[areihelhew(]
components[oflthe[lcombinedsystem.[nterestingClapproachtowardsthe[technicalll
problemsChasl[beenliaken.[With[tarefulC(planning,he[GTlslinstalledConACMinimum
space,[takingCadvantage[bflitsCsmallFootprint,Cwhile[stillCleaving[the [possibility[for(]
building@mewl{larger)$teamoilerlinfheuture.The$team{urbineoffheloldSteam
cyclel{typelATM,Suppliedby[ABBIStallAB)hasbeenefurbishedlinlorderiobeablefo]
handlethelincreasedsteamflow, Faisinglits[tated(power[outputfrom 64 MW [1o[B3[]
MW.[Thelelectric[generatorlofthe[STismotlfeplaced,(itlisjustprovidedwith{additional ]
cooling@ndts[powerlislincreasedlioltheldesirable[point[{upfo[B83-85[MVA,[originally ]
rated@t[75MVA)Dydunningatlalpowerlfactor(dloselibUnity[(1.0).0h[éompensation[ibr]
thelteactivelénergy,fhe[GT[generatorlis[chosenlbver-sizedAndWilllbe funlatlaVery]
lowlpowerlactor,[@round[0.65[{itsimormallpowerfactorbeing(0.85). 1

O

ThelhybridCeconfigurationCof(the [CHP[LnitCin[(HelsingborgillChave [A[Wide[bperating[]
range.[Both[thelmain[boilerfandihe[GT[tanlbefunlindependently.[The[ETLtan[bel]
operatedWith[steamlonly[fromthe[HRSG,thus[tonstituting[alpureLcombinedltycle]
with[fhe[GT,Wvhichiouldproduce B6 MW ¢ [and B3 MW [{the (ainboiler$hutfdown).O
ThelGTPlusiheSTWworkingwithiSteamfromheHRSGwillldoveriheheatldemandip
tolthelpointiwherelfhemainboilerfhas(itsiminimumbad.Theboileris[actuallyfheleast]
flexibleCcomponent,CasCits[stop/startCoperating[sequencesCareldimitedCandCenergyl]
consuming.[Thel[GTIeyclewilllcoverihelargeVariations[inlbad,bothlhperiodsoflowl]
heatldemand{when[thelmainboilerlisthot[operating)LaAndlin[periods[oflintermediate]
heatCdemand{whenthelmain[boilerCoperateslat[partfdoadCmostlyLon[Wwood[pellets,]
withoutlargeldhangeslofllbad).]

Il

Thelfotall¢costsforthe[projecthavebeenlaround220million (BEK[{1999)[or28[million]
USD.[Thelhybridldombined[dycle[plantlwasiecentlylécommissionedandlis[éxpectedol]
producel[420[GWh[ofl&lectricityfannually.[Operationdimeperlyeariwilllbe About[6000C]
hours,ofCivhichCaboutB500Chours[togetherCvith[the[main[boiler.[Thel[decreasebf[]
operatinghoursliorihemainboiler{{downfrom5500hoursbeforefhe@ddition[bffhe]
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GT)Hurtherleontributesoltheldecreaselin[¢oallconsumptionlandprovideslowerINOX[]
and[CO[emissions(levels.[Totalteduction[of(NOxLis[éstimatedfo[be[around[40%. AL
decreaselin[CO,[emissionsldirectlyfollows[from[the[substitutionCof[coal With[Wood[]
pellets(@andihelowerloperatingdimeforihelmainboiler,Asivelllasfrom[ihedactihat[]
thelelectricallproductionformhe[GTsubstitutes[coal-basedl&lectricity[imports(from]
Denmark.[]
O
Information[@boutfhe [CHP Winitih[Helsingborgias(dollectedirom: ]
1.00lsson,OChrister;ONilsson,O0Bertil0*AOfirstCat0Vasthamn”,OJPowerJEngineering ]
International,November1998.[]
2.[1TheCombined[Cycle[Power[Plantlfin[Helsingborg”,[al[brochurelissued by ABBIII
Alstom[Power[{nowlAlstom[Sweden[AB),[Energimyndigheten{Swedish[Nationall]
Energy[Administration)@ndMelsingborgEnergilnow@resundsKraft[AB),[1999.[]
3.[MProduktion”,@MrochurelissuedByDresundsKraftlAB,[2001.0
4.[TEngvall,[Jessica,IBattre[(MiljoC[(HelsingborgCmed[Naturgas”,[KraftCOrdet,[Nr.4,
1999.0
5.0“ProductionofCElectricCiPowerandDistrictd0Heating”,Jaldbrochureissued by
HelsingborgEnergilAB,1997.0
Mostlof(thelinformationCmaterialsChave[beenl[providedby[Christer[Dlsson[andl[lenall
Phalén[{OresundsKraftProduktion[AB,Box[642,[25106[Helsingborg, [Sweden).[]
Theirl@ontributionlis[gratefullylacknowledged.
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6.3.Menmark(]

W

l

6.3.1.[TheMSWIihcinerating[CHP[plantin[(Horsens[]

l

ACgoodlCexamplelof(alhybridCCHP[unittWhere[algasturbinelisCcombinedWithDMSWI

incinerators[¢anlalsoelfoundlhlihefownlof[Horsens,[Denmark.lis[Specificfeatureis[]

theparallelCsteamCproduction[from[theQgasturbine[(with[itsCheat[recovery[steam[]

generator)JandOtheOtwoOwaste-firedCsteamboilers,JatOtheOsamepressureJand

temperature[of[47bar,[4259C.[The[GTLexhaustlis[hotllisedFor$uperheatingofthe

MSW-generated(Steam,[fatherihan[generatingfhelinainfamount[of(Steam(deliverediol]

theSteam[furbinefhroughfhel@ommon(sSteamheader.[]

l

Thelgasurbinellinitthas[@hominallpowerloutputfof(22 MW [andlsdired lithChatural

gas.[Thelsteam[productiondfromlislonelpressurellevellheatecoverySteam[generator[]

corresponds[io[7 MW [poweroutputfromheSteamurbine.]

il

Thelsteam[furbineWithlits[éwn[electriclgeneratorhaveeélectricloutputof[13[MW.[Totalll

electricCoutputfrom[thelbverallCtyclelis[B5[MW.[DistrictCtheatlis[deliveredfrom[the[]

backpressurelsteam[dondensersbehindfhelSteamfurbineland@nléconomiserSurfacel]

in[@he[GTLexhaust.[Thedotallheatloutput@romihelplantlis43[IMW, [outloftwhich[270]

MW [tan[belattributediolthelhaturallgas[and[16 (MW [io[the(MSW!/incinerationlin[]

nominalCoperation.COnOanCannualCaverage, (IMSW [delivers[57%Uof(the[totalCheatl]

suppliedibiheldistricttheatingetwork@and29% offhelelectricity(produced.

l

ThelOtwoOMSW incineratorsutilize CupOto[1710000tons Dof Owaste Jannually, Owhich

corresponds[folaroundb2%of(Thefotalfuell&nergylinputlintoiheltycle.[Naturallgas[]

supplieslihelother(48%l[ofthefotall@nergylihputlon@nnuall@verage.l

l

ThelHorsens [CHP [planthaseen(infrouble-freeldoperation[Sincelitsiéommissioninglh]

January[1992.[PresentlyiheplantlisldwnedlandloperatedbyiheDanishpowertility ]

ELSAM.[Thelannualmetlproductionlofleélectricityl@and[districttheatlis[@round[140[GWhg ]

and[230GWhy,[respectively.[TTheselannuallfigures[tanfeach[almaximumbf(188[]

GWhg (ANd[R430GWhg.[OTheCelectricCefficiencylisestimated Cat[136%, CusuallyClying

around29%lon[netlyear@verage.[Thefotalléfficiencyi5[B80%0nyearlaverage.]

Thelgdycle[Schematiclis[Shownlih[Fig.6.11.]

l

Information@bouthehybrid[CHP Minitih[MHorsensWwasacquiredfrom:

1.[fHorsens[lCombined[Heat[and[Power[Plant’,[a[brochurelissuedbyl/S[Skeerbaek]
Power[Company[{alSubsidiaryof[Elsam[A/S),[1991.0

2.[MHorsens[KraftvarmeveerkJA/S.[Miljgredeggrelse[12000”,Jallbrochurellissued byl
Horsens[Kraftvarmeveaerk[A/S,[Endelavevej,[8700Horsens,Denmark.[]

il

And[throughlpersonall@ommunicationiwith:[]

LeifCISgrensen,heatU&powerUplantUmanager(ElsamUAffaldUogEnergi,[lHorsensU

KraftVarmeveerk[A/S,[Endelavevej7,[8700Horsens,Denmark). Il

Il

Thelhybridunitih[Horsenslis[@lsoldescribedbyEgardletal.4.2].0

il
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0
electricity electricity Horsens District Dagnaes - Baskkelund
natural gas . ] Heating Company District Heating
N BCCOIQEU*@‘OF 34 MJfs Compagny 9 Mi/s
v 8000 m3 3
chimney
reactor bag filter
i [
reactor bag filter
- & —! |

chimney

0
Fig.[6.11: [Schematicloflihelfybrididombined(dyclelin[Horsens,enmark.Maturallgasired(gas[]

turbinelith[Meatfecovery$teamlgenerator,[(paralleloMSWIhcinerators, [delivering[$team o
aldommon(Steam(furbineat47bar,[425°C.0
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6.3.2.[Avedgre2[]

l

OnelVeryhew[CHPinitOn[Denmark[deservesattention. [T hislis[fhe[$econdUinit[{just]
recentlyCJcommissioned)UofUthe DAvedgre OCHP Uplant, ObuiltUbyUOaljointCventure Dof 0
Denmark’sOSKOPowerOJandOSweden’s[Vattenfall,Osituated Jabout[110Ckm OsouthOof [
Copenhagenl(dityldentre.[]

O
TheluinitCeomprisesConel$upercritical(Steam[tycleWith[Allarge$teamlgeneratorfired]
withmaturallgas,fwol@eroderivative[gasfurbines[firedWwithmatural[gasiwhoseleéxhaust[]
willlbe[uised[for(feedwaterpreheating{orihesteamltycle,[and[bnel$teaml@eneratorl]
(againCwithCsupercriticalCparameters) Cfired Owith CbiomassO-CstrawCand Cwoodchips, [
feeding[Steam(iblihe[common(Steamiurbine. I

O
Avedgre[2{eatures[generousldeploymentloffadvancedlimaterialsCandChovelldesign.[]
ThelSteam[parameters(arelultra-supercritical Fpressure0f[305MDar@ndemperature6f]
582°C[{reheat[fo[600°C).[Thelinainlboilerlisalbnce-throughboilerlofihe$traight-upd
design,[@lllconvectiveater/steamlheatléxchangersare[Situated@bovefhefurnacelind
alVerticallupward[duct.[OnlylthelairCpreheaterlis(situatedseparatelylintheflue[gasl]
path[besidelthel[boiler,[Wwith[aldownwardflowlLof[theflue[dases,[after[the[Selectivell
CatalyticlReduction[{de-NOx)Wnit.[ThelibtallieightloftheDoileriieachesB0m. ]

[
ThelmainboilerlhaseenldesignedandsuppliedbyFLSMiljo/BWE.[Thefuellhputis]
800CMW ,Cwhich[torrespondsto[116.57[kg/s({20.6[Nm?>/s)haturalCgas.(tChasCbeen
initiallyL¢onceived[as[altoal-fired[Steam[generator,[(butlthelgrowingpressurelagainst]
useloffimportedCcoallinCDenmark,thelintentions[tofeduce[CO,[emissionsCandlthel
availability[of(ING[@tteasonablepricesedfolits[fransformationinto[@[INGHiredboiler.[]
HFOWwith[SulphurCtontent[of (upHo[B% Willlbeused@sback-upduel[{de-SOx[Lnitlis]
installedfforOdesulphurisationDofCthe CflueCgasesOwhenOHFOUisCused). LT heChigh-
temperatureJtubing(suppliedCbyCvariousCsub-contractors)CincorporatesCithe dmost]
extensivellarge-scale[dommercial@pplication[offadvanced(materialsihEurope. [l

[
Thelsteam[urbine(itselflistalimodernthigh-performancelimachineWithhighlisentropicl]
efficiencyland[HP$ection[émploying[@dvancedlimaterials.dtlhas[beenldesigned@and
manufactureddylAnsaldoEnergialatltheirlGenoalCampilproductionfacility.[TheSteamU
turbinelonsists[bffive[bodiesCbonlalkingle[shaftG-Cone[HP,(iwo[MPCandiwo 1P
sections.[Thehominallive$team[parameters[atfhefurbinelinletiare (300 ar, 580°C,
336[Kg/s.[SteamlisMeheatedfo600°Cat[74Mar@ndflowldf(284Kg/s.[TheSteamdycle
islal¢o-generationlone,Wwith[¢old[condenserandsteam[éxtractionsforldistricttheating.U
Low-temperaturedIseawaterlisClusedforClcondenserlicooling,dprovidingCJcondenserl]
pressure[of(0.023[ar.[SteamForldistricttheating[purposesliséxtractedatiwoldifferent
pressurellevels(afterfhelsecondMP[Section.[At[part-loadsihefurbinelis[doperatedwith ]
fullhrottlingCadmissionCandslidingCpressure.[TheCmaximumCgrosstoutputfromthe]
steam[durbinedoriheldverallltombined[tycle[is[535[MW.[(Maximum districtCheatingd
outputldanreach[620MW,.[]

l
Thelsteamltyclel[tonfigurationCemploys[l1[{eleven)feedwaterpreheaters(3-[six[LP[
ones,[@ldeaerator,[@andfourHPones. [Feedwaterlis[preheatedfo320°C. I

[

Theldyclelayoutlis[Shownlon(Fig.[6.12.[0
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Fig.[6.12: [Mayoutoffhe[Avedgre2 hybrid[éombined(dyclepowerplantihlDenmark.
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ThelfwolgasiurbineslareRolls-Roycellndustrial[Trent[aeroderivativethodels.IhSimple]
cyclelinodel[at[ISO[L¢onditions,[iheyprovide[51MW (&lectricallbutputleéach,[at[41.5%[]
efficiency.[ThelGT[pressurefatiois[35,[@xhaustfemperature[426°C.[Theldompressor-
turbinelarrangementlislderivedfrom[ihe[Rolls-Roycel[Trent[three-spoollhigh-bypassl]
turbofanCenginedesignedfor[argelairliners.CTheaero[fanlis[teplacedbyiwol1l P
compressor(stages.[Thelfinallfwo(stages(ofthellP{urbinelhavelalsobeenlie-designed]
specificallyforlindustrial(service.Drylow-NOxtombustion[chambers@ssurelémission]
levelsothigherihanB0ppmINOx@AndEB1lppmICO.ThelGT@xhaustlgasheatlisUsed
tolpreheatlthelsteam[¢yclefeedwaterlin$peciallyldesignedheatléxchangersisupplied
byOAalborgindustries.(0TheyareUsituatedUinOparallelCtoOthe Ostandard Ofeedwaterd
preheatersloffhesteamldycle,[dsOh@dypicallparallel-poweredybrid[combinedtycle
configurationlWwith[feedwater(preheating.[Thelgas@urbinesWilllbe[bperated[as[peak-
shavingldapacity,motihldontinuousbasellbad.[]

O

O

Steam to turbine <J—] il{\ Sidewall

%3,«3\‘@ of horizontal pass
e

o—

Cyclone ™
vessel

Sidewall
and
rear wall

second
pass

Furnace
’l u T 1) of first I ﬁﬁf«"’g
Sidewall 2 ko pass o f«;f'
Frontwall W, ,.:}l" Economiser,
of first pass (6] S‘\%k o ( rfffl' inlet to
8 2| 8 Gas burner 1~ ") 23y water
W .f;/ cooled grate
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U

Fig.[®.13: Btraw-fired[boilerwithBupercritical(steam[parametersdorXheTAvedgre 2" Chybrid
combined(dycle.MNumbers@nd@rrowsShowater/steamflowlihfheboiler.O

U
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Thelbiomass[boilerlis(thelthird[importantLe&lementlin[the[powerltycle.[ltCyenerates]
superheated[$team,Whichls[directlylinixedWith[fhe[$team[from[ihemainboiler@nd]
fedlfolthe[ST.[Therelis[holieheatlinfhebiomass(boiler,[allfeheatlis[performedlinihel]
mainDoiler.[ThebiomassboilerischematiclisiShownlih[Fig.6.13.0

O
Thelbiomass[boilerfhasibeenldesignedland[tonstructedbylalconsortiumlbffAnsaldol]
Vglund@ndBabcockBorsiglPowerF-[AE[Energietechnik.dtlisdhevorld’'sdargest@nd]
mostléffectiveStraw-fired[boileriwith[alheatlinputlofl1050MW,[¢correspondingo[26[H/h0
straw.[Steam[parameters[@reldltra-supercritical, [Similarfodhelones[forihelmainboiler
—[310Mar,®83°C.[Thelboilerisdfl@ne-throughldesign, With[¢onfiguration[@omprisinga
radiantfurnace,[¢onvection[partlin[@horizontalflue[gasduct, VerticalldownwardFlue
gaslductfandlanotherVerticalllpward[duct.CAdvancediaterialsCAre[employed.[The[]
tubinglinfhel@ombustionléhamberlisNertical,[ih[Severalpassesléachwithtipwardflow.
Therel[areldowncomersbetweenliheupward(passes(andlin[Some[pointsiSpecialmixing[]
devices[ib[distributeWaterf@andSteamlévenly.[Thehorizontallanddownward[ducts@lsol]
havelmembranelwall-tubes,in(Whichlihe$teamis[alreadyslightlylsuperheated.First[]
stagelsuperheaterlis($ituatedlinihe [downwardduct,dast[$tageSuperheaterlslinthed
horizontalCduct.[WaterdlowLis[llustrated [byfarrows[andhumber-pointsfon[Fig.[6.11.0
FirstCstageleconomiserCandair-preheaterCare ChotshownConCthefigure,theyCarel]
situatedlihlfhelSubsequentllipwardfluelgasiduct.

W
TheJurnacefeaturesCalWwater-cooledVibratingLgrate[andWwater-cooled[€hannelWwith[]
screwlfeedersandegulatingableforfeedinglofldisintegratedstrawl{alsoWoodchips]
inthelfuture).[Theboilerlis0ptimised{or(éfficientland[problem-freetilization[ofdifficultT]
biomass(fuelslikelStraw.[Emphasislis[putldonloxygendistributionlinfhefurnace,dontrol]
ofllbcallfemperatureslinltheldifferentizones@ndlcontrolloflashbehaviour.[Thefuelhas[]
an[ashl¢ontent[of[5.2%[(with[Various[dangerous[ctlinker-forming[élements, ypicalfor[]
herbaceous[biomass),lAnd[LHV[6f[14.3[MJ/kg.[Generally,[Assuringlowliemperaturel]
andhighlCoxygenl[tontentlin[tertainleriticallzones[tan[preventormation[of¢linkerby[]
thelashlihlihelfurnace.[Combustion@bovelihefeedingablelis(preventedbylgeometry]
andSecondary[@irjets.[Thelainlgasphaseldombustionzone[{afterlinitial(pyrolysisof[]
the[uel)Osocalisedlintheltentrelofthefurnace,givingLeéventhermaldoadinglonalll]
wallsOandChighOradiationCfluxOtoCthe CvibrationCgrate, CassuringChighCcharCburnout. O
Secondarylairjetsléreate[alVortexlnihefurnacelabovelihelgrate.Tertiary@irgets@re]
locatedhighlhlihelthroat, beforelfheadiative[Superheaters, fo[@ssurehighburnout[of]
thelvolatileslandIbwlCO[eémissions.[Thellemperaturelinthelcentreloflihefurnacejust]
abovel[thelprate[feaches[11600°C, troppingCdown[to[792°ClAatltheentrancebf(thel
horizontalCduct[before[theltonvective[superheater.[Thelexhaustlis[tooled[downl[to[]
115°Clafterdhe@ir(preheaterfandlis[passedIhrough@albag-houseilter.[(Fly-ash@romO
thefilterlisl[dumped,Wwhile[ottomlashfromlihefurnacewilllbelused@s(iertiliser. Il
Thel@émissionsfrom(thebiomass(boilerare®25ppmCO@RANd240[ppmINOX.[]

il
Thelbiomass[boilerfs[scheduledofunatfulllpowerlWheneverltherelisténoughuel
available.lt[generates[40kg/s[Superheated[steam,Whichlis[about[13.5%!(o0ftheSteam[]
generationtin(the[mainChaturalCgas(fired[boiler.[(Feedwaterfor(the[biomass[boilerlis[]
extracted(fightafterfhel@ommonfeedwaterfank, itlhas@afemperature6f180{o[230°C,0
dependinglonltheoad.Theatiolof(biomassfuellinihebiomassboilerfomhaturallgas]
in(theCmainCboilerls[Veryow,[yet[the[presencelbfthe[biomass[boilerC€onverts[thel]
overallClcombinedltyclelintolalChybridConeandpresentsCan[uniquelexamplebflthel]
growinglimportanceloflhigh-efficiencybiomasslutilizationfor(powerlgeneration.]
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ThelperformanceloflAvedgre2(powerllnitlis(breathfaking.[Inl¢ondensinglmodelthel]
steam(¢ycle[Withoutihelgasfurbineslis[ablefoldeliver(430IMW, het[poweratlalhet]
efficiency[0f[49.2%[{LHV).[ThisCthighléfficiencylof(fhe[$team[Rankineltyclelis[duefol]
thelsupercritical[boilerCparameters,[sophisticatedarrangement,[deepVacuumlinthe]
condenserCandverydowosseslin[thesteam[turbine.[LWith[the[gas[turbinesCinFull]
power,[fheloveralllhet[electricpowerlbutputlfeaches[H70MW [at[(51%efficiency.[Thel
powerlunittwillCbe[actually[bperatedlin[co-generationfimode [With[Average [outputs[of[]
360MW ¢ [480 MW, [Withoutlgasurbines[or(485MW ¢if (545 MW, with[dasurbines.
The[dotallefficiencylin[¢o-generationinode Willlbe[®4%.[Thelbveralllhybridléombined
cyclelpowernitlis[@éxtremelydlexible.[Thebiomassboiler(¢anbe Kept@tiulllbadiwhen
thelmainboilerlis[operatedbetween20-100%[oflits(badange,[0nelGTdanbekKept@t
fullJoadCivhile[thesteam[tycleOworks[Owithin[B5-100%[oflits[loadfange,[bothCgas]
turbines[danbeloperated@tifulllbadiwhenheSteam(dycleldoperatesiwithin[30-100%[of[]
itsllbadange.[]
O
Information[@boutfhemew(powernitlih[AvedgreWwaslacquiredfrom:[]
1.0Anonymous,[*Avedgre120sets[Onewbench-marksOforCefficiency, OflexibilityCJand [
environmentallimpact”,[Modern[Power[$Systems,[Vol.20,No.1,[January2000, [pp25-
36.0

121



Hybrid[Combined[CycleswithBiomassandWaste[Fired[Bottoming[Cycle.[Aliterature[Study. MMMIIITIMiroslavPetrov, [Feb200200
Chapter(®6:[IState-of-Art[of[HCCwithbiofuel-fired[BClih[Sweden[andlitseighbouring@ountries”.(]

6.4.[AlflewWords[aboutlotherMelevantléxamplesinMorthernEuropell

0

l
6.4.1.LTheCMSW(incineratorCinCAlkmaar,[TThe[Netherlands,[topped[bylinternal ]
combustionléngines[]

0
Alliniqueléxampleloflalhybridl@ombinedldycle[@¢omprisinglalgas-firedICE[and[@IMSW[I
incineratorlisfthe[CHP[plantih[Alkmaar,TheMetherlands.

0

IN[1992,[thelconsortiumVOFINRS[decidedtoltebuildlthe LIMSW-firedCpowerlLnitlnC
Alkmaar.[Bteam[parametersLof[theLMSW-fired[boilerChavelbeenlincreased[Andlgas[]
engines[havebeenlinstalled@s@back-uppowerlihfimeslofimalfunctionsoffhe MSWO
cycleléquipment,iwhichldouldBeldetrimentallibiheboiler.[]
Asllbng@saturallgasisupplieslihfhelarealare@abundantand@tlattractiveprice,li[has]
beenlklearthatlthegaslenginestould[belfuntontinuouslylandthepowerlplant]
(including@he$teamdurbine [offhe IMSW [hoiler) [could[generate morepowerthanihel
wholebcalléommunitylitselflconsumes.[Moreover,[it[hasbeenlobviousihatlefficiencyl]
increaseloffhe[MSW-based[steam[dycleldanbeattained,lf(theléngines’[fejectedheat]
istused[iol[preheatlihefeedwaterforlihelsteamltycle.[Suchl@altonversionlhas[been]
donelwithminimalléxpenseslin[1995, Whilefhe[positiveimpactlonMSW-based[tycle]
efficiencylhasbeenlfemarkable[{havinglin(mindhatfheloriginall$steam[¢yclehashadll
actuallylmofeedwaterlpreheatersléxceptlfheldeaerator).]

il
Theléngineslinstalledln[Alkmaarlaredhree[Wartsilall6V25SG, with[2.8LMW [&lectric
powerloutputleéach,electricLefficiencylof(B8.5%[and[totallpowerloutput[of[B.4[MWe.[]
TheljacketWwater, [first[Stageldharge(air¢ooler@ndlail[doolerprovidelpreheatingforthe]
condensatelstream[beforelthefeedwateriank, ivhilefhe[éngines’[éxhaustlgasurther]
transfersiheatfothefeedwater(afterfhelfeedwaterfank.Thelsteam{urbinehas[power]
capacity[0f[40[MW . [
Specificlinvestmentsdorsuch@lChybridCpowerplant{includingpriceof(eéngines)[has[]
beenlkestimated[tolbelfaround11800E/kW ¢ nwhichOs[just[60%[bf(thelinvestments]
neededforlamew@dvancedMSW-firedSteam(dycle[{around3000&/kWe).0

D

InformationCaboutCJAlkmaarChybridOco-generationCunitChasObeenCacquired COthrough(
personall@ommunicationiwith:[]
Thomas[StenhedelWartsilalSwedenl[AB,Box[920,[SE-461[29[Trollhattan,[Sweden).]
His[Bontributionlis[gratefullylacknowledged.[]
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6.4.2.IMSWIihcinerator@andgasurbineHCClih[Germany[]

O
“EntsorgungsgesellschaftiMainz’has[signed[@ldéontractforldonstructionof[AamewMSW[]
incinerator/steamlCgenerator,[With[al[tapacity[bf(Y00[1/daylin(Mainz,[Germany.Ot[will[]
havedhes$tandard$teamparametersfortMSW-fired$team[generators[6f(400°Cat[400]
bar.JAnUintegratedJtoppingUgasUturbine OwillOprovideOsuperheating ofOthe OIMSW-
generatedSteamipHo555°C, beforefeedinglitfofhe$team{urbine.[The[G T willlbed
firedlwithnaturallgas.[]
TheHCCunitls[expectedioleénterl@commercialldperation(infheénd6f[2003[@Andls[the]
firstiSuchlhstallationih[Germany.[]

O

Information[@boutthisinewMSW HCClihstallationlih[Germanyas@cquiredirom:[]
CorfitzINorén[{SvensktGastekniskt[Center[AB,205[09Malmo,Sweden).O
His[Bontributionlis[gratefullylacknowledged.[]

O

O
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6.4.3.Ihdustrial[HCCIdo-generationforihelpulp&paperindustrylin[Germany]

l
Twolparallel-poweredChybridCcombinedltyclesltomprisinglalgaslturbine[and[&albio-
residuesl(iired[FBboiler(havebeenlinstalledatiwopulpl&[paperlfactorieslin[Germanyl]
in[1993/1994,[in[BaienfurtbyStoraBillerud[GmbHandlnEilenburghearlLeipzigby[
Sachsen[PapierlEilenburglGmbH.Both[¢ycles[¢loselylfesemblelfheiwolsuchloneshin]
Finland,[describedlihfhebeginninglofthislchapter.dndeed,fheparameterslare@lmostl]
thelsame,[aslonglaslallltheselLinitstworklinlindustrialLCHPLMode,[Wherethelmain[]
energySupplylslinfheformlofisteamoripulpldigestersandpapernachines,fogetherd
with[producinglélectricallpowerlioridoveringhemill'slowneeds. I
ThelhistoryCand[structureof[both[theselinstallationslis[similar.COldCheatCandCpower[d
supplytorhemilllbasedlonloil-firedboilershavebeenlteplacedWwithhewFBboilers]
firedlwithiomassl[residuesfromhemill,ihtegratedWith[@lgas[furbine.The[GTsHiredd
withING[andhas[SupplementaryfiringihltheléxhaustStream[beforeliheléxhaustlgasesl
enterffhe[HRSG[{with[possibilitiesforfresh@irldperationiwithoutftheGT), Where[Steam[]
islgeneratedlin[parallelfoheBiomass-firedboiler. Il

O

ThelGTlin[Baienfurtlis[&[FT8-300ndustrialversion[of(the [Pratt[&[Whitney’'s[JT8D-2190]
aircraftléngine.t(haslalthree-spool@rrangement@ndldelivers25.5[MW Shaftipower@t[]
ISO[tonditions[at[thelsite[bflinstallation, CwithCalthermallefficiency[bf(B6.4%.0The[]
exhaustflowlis[85.5kg/s[at[439°C.[Waterlislinjectedlinfhe[combustion[chamberfor(
NOXx[Teductiondown fo100Mg/m3@t15%[,[dry. I
Thelbiofueloilerih(Baienfurtthasafhermalloutput@df15MW.O

il
ThelunitfnCEilenburgdeaturesCaFramebLGTsupplied[by[EuropeanGas[Turbines]
GmbHUOhEssen,[Germany.[ThelGThaspowerloutputldf[27 MW [at[28.3%[éfficiency,]
exhaustflow[bf(124.8kg/s[at[#88°C.[The[HRSGLis horizontal[With[(alsingle steam]
pressurelevel.[BteamOs[produced[at[B84[bar,[#90°C,[25[kg/s.[Economisersurfacel]
extractsurther21IMWheatd@romdhe[GT&xhaustlinithe Horm[of(hotlvater.[Both[ihe[]
HRSG[@AndIhebiofuelboilerfhavebeenlsuppliedbyTampellalPowerlnc.[Theliwhole
CHPunitthasbeendonstructedbyIVOlInternationalllLtd. [(nowenamed[Fortum).
ThelbiofuellboilerlisCA[BFB[1ype,[burninglimostly[$ludgeltesidueslinfamountCof(196[]
t/day.[Bteamlis[feneratedin(amount[of[11kg/s,[490°Clandissuppliedthroughihe
common(steamlheaderlat[84[barfolihelsteamdurbine,fogetherlith[fhelsteamErom]
the[HRSG.[Thel$SThaslanelectricloutputdf17 MW ¢ @andlisSuppliedby[ABBTurbinend
NurnberglGmbH.[Bteamléxtractionslat[250barland[B.8[barfeediheheatltonsumers]
with[129[h[Steamihlibtal.(]

l
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7.IDISCUSSIONIANDICONCLUSIONSL

W
TherellsChlreadyalstable[trend(for[tonstantlincreasebfChiomass[uselfor[energy]
purposeslin[Bweden.[HavinglinCmind[thatfurtherC&xpansionLofChydropowerlis[very[]
limitedCandChoChewlChuclearCunitsCare[tolbe[built,(enhancedbiomass(utilizationforJ
electricity[productionwithlhigherl@lectricléfficienciesiandlowerldostslis[@éssential.
l
Domestic[Swedish[biomass[tesources[@reVastl@andtenewable,buthotlinfinite.[They
must[belutilized[asefficientlylas[possible,linCbrderfolmakesurelihattheylimeetlihel]
conditions[foriSustainabilitylihfhefuture.]
Il
When[falking[aboutfhe[CO,meutrality[ofbiofuels,[dnelmust@lwaysbearlinmindfhat[]
reduction[of[CO,[eémissionstesultingdrom[theluselof(biofuelslisessthan100%. A
certainfamountloffossilduelslis[alwayslinvolvednheproduction,fransportation@nd
handlinglofbiofuels,whichldecreaseslihelpositive [éffectloffheirlutilization.[Fossilfuel
involvedlhhelproductionanddonstruction[of(powerlgeneratingfacilities[must[also e
includedlinthelaAccounting.[Many[studies[have[beenl(tarriedbutlinCan[attemptiol]
estimate(thefeal{actual)[@missionsieduction[of(allpollutantsfromiheliseofbiofuels,d
followinglihelSolcalled[lifeldycle”[approach,fakinglihnind(allfossillénergylihvolvedin [
thelifel[¢ycle[of(biofuellutilization, Hacilities[tonstruction[@nddacilitiesCdlemolition.[Thel]
exactlfiguresforlenergylintensity[of[certain(products[and[processeslare[somewhatl[]
bleakCandUapproximated, CbutCinCgeneralCitChasCObeenOprovedCthat[hiofuelCenergy ]
utilizationleads(iblaldonsiderableetdeduction0f[CO,@ndotherlpollutantlémissions.]
[
InSweden, [fheldiniquelSituation(ofiYerybwlelectricity[prices[{governedbyhydropower]
and[ChuclearCpowerlCinthederegulatedCNordicCpowerCexchangeldmarket) Cmakes[it[]
difficulttdorCbiomass[powerlunits(toltompetelinCprice[of[electricity.[Furthermore,thel]
highmeedforheatlgenerationforldistricttheating[purposesi{which[tannotbeprovided
byChydrolorChuclearCpower)(taises[thelprice[bfCheatlenergyland[toes[hot[provokel]
higherlelectriclefficiencieslinlthermallpower(Stations.[Il
il
ThisOsituationd(i.e.OlowelectricityCpricesCandOnoCmotivationOforOhigherCelectric
efficiencies)ls[hot[éxpectedfolbepermanent.[Theldevelopmentowardssustainable
energylSystemswill[promote:[]
» HigherCelectricLefficiency[While[to-producingaltertainCamountlofCheat[WwithChigh

totallefficiency, ]
» Rational,wisel@andlefficientliselof(biomassesources.]
il
Therelarelinanyiechnologiesor[biomasslénergyltonversion,[@iminglatleitherldirectd
utilizationOofCbiomassUthermalCenergylinOcombustionCprocesses, HorOatlupgrading
biomass(ibmoreNaluable[gaseousandliquidiuels,@pplicablelinhigh-efficiencypowerl]
cycleslorlas[eéxpensivel[fuelsorfransportation.[Somelofthesel@dvancedliechnologies]
are(vell-developedCandcommercial,[bthersCarestilllonthetest-benchbrCarehot[
economicallyfeasibleyet,[althoughlpromising.
[
When(stationary[powerlgenerationlislinthels$potlight,draditional$imple[¢ombustionin(]
boilersCis[stillCtheCmostCreadilyCapplicableCmethod, (featuringClgoodCoverallCenergy[
conversionléfficiencylandlhighestisimplicity(and[teliabilityamonglalliechnologiesior]
biomass[eénergyldonversion. [
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Therels[plenty[bf(foom[forCklectricLefficiency[enhancementlbf[traditionalCbiomass[]
poweruinits,[@itheryaising[Steamparameters(and@pplyingihodernisteam(furbines,]
or[by[alternativeloptions,[suchlCasléxternallyfired[gas[turbinesfor[&xample{with[or[]
withoutlaldombinationWith[@[Steam[furbine).[]

O
Oneleasylwaytolutilize[biofuelstwithChigherléfficiencies,[While[keeping[thelprocess[]
simpleCand[TeliableCandCusingCbnlyktandardCequipment,Cis[thelincorporationCbfCall
biofuel-firedpowerlgycle@sbottomingldyclelin[aybridléombineddyclewith[afoppingU
high-gradefuelfiredheatléngine.[AlSmalll@mountloffossilfuellinfhefoppingdycleldan]
providelhigherCefficiencylof[biofuelCutilizationCin[the[bottominglLtycle.[TTolteachFullC]
sustainability(JandOhigherCreductiondof(JCO,0emissions, [the(toppingOcycle CcanObe
poweredbyBiomass-derivedbigh-gradefuels.[

W
Thelhybridl¢combined[¢ycle[¢onceptlwith[¢oal[iredbottomingleyclelisalViable[option,
technicallyCandCeconomically. OSuchkycles[tanCeffectivelyCtombinethelincreasingl]
sharelofnaturallgasiasfuelforpowerproductionwithfheliraditionally[Strongpresencel]
of[¢oallondhepowerdront.[(Buchlinstallations[éxist[$incenanyyears@ndhewpower[]
unitslin(HCClmode[@reeingldonstructed,@lthoughnotihlargemumbers. ]
ThelOthermodynamiclCadvantagesOof(JHCCOpowerOunitsOhaveObeenCldemonstrated. ]
Increased[kfficiencies[bfCHCCLtombination[of (a0l CCandalBC,[tompared[tolthel]
averagelefficiencylbf(iwo[separatesimpleltyclesWith[the[same[total(powerloutput,]
havebeenlregistered,@ccordingliblthelfheoreticall@éxpectations. [
Theltost[advantages[of(HCCLpowerllnitsChavelalso[beenlproven.Lowlfisks,[short[]
construction[times,$tandardCéquipment[andimitedheeddorldlevelopmentlarelother[]
advantages.[Theltonceptlisteadily[@pplicable @obiomass[And[MSW [as[{uels{orihed
bottominglgycle.[

[
NaturalCgasCand[biofuelCpoweredHCC[unitsCare[alkimpleand[affordablevayltol]
increaselthel&lectricCefficiencylof[biofuell&nergylutilization,[Without[biglinvestments,[]
uncertainties[or(lbss(aflreliability@risingfromidomplicatedfechnologies.]
Configurationslof($uchpowerl¢ycleslareVerylexible@ndteliable.[Theyprovidehigh
electricallefficiencylih[@ondensinghodelandhighlibtalléfficiencyih[CHPhode.[

O

IncineratingMSW [&s[bottoming{uellinthybridLcombined[tycles[telieves[communities]
fromIheburdenlofldisposinglitloflindandfillsfand[athe $amedimelprovidesléfficient[]
utilization[ofltsCenergyLtontent.[ThislsChotCachievablelnsimpleLMSW-fired[steam[]
power[dycles,[duelibfhellbwISteamlgeneratorparameters,hinderedby@ggressivefluel]
gases.[Repowering[éxistinglWastelihcinerationUinits(with@oppingleycles(¢anleadfolal]
remarkablelihcreaselinlélectricléfficiencylof[MSW[energytilization. I

il
TheHCCIldonceptforMSW-firedboilersiwith[foppingaturallgas(fired[GTlis[Surelyfhel]
mostLtost-effective[methodForlincreasingthelefficiency[bfCMSWLenergylLutilization.
Moreover,[tlis[probablyftheloptionivithfhe [greatestléfficiencylimprovementlpotential,[]
withinlfhefeasonable(dostland(Scalellimits.[

il
InternalltombustionCénginesltanlalsolbelapplied[asioppingltycleforlsolid-fuel-fired
boilerslinfalHCCIlgonfiguration.Theyld¢anbelparticularlylattractivelin[SmalllScales[with[]
biomassliiredbottomingldycleih[CHPnode,Showinglgoodiperformance,highlelectricl]
efficiencies,lowlihvestmentldostslandlbwlrunningldosts. I

O
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InternalCtombustion[&éngineslstilllproducelimore[NOx[perfunittgeneratedpowerthanl]
modern[gas[turbine[€ombustors,butlinCTHCCLtonfigurationsteburningloflthe[&ngine]
exhaustlin[thelbottomingLtycle[tan[belused[folsubstantially(feduce[NOx[&missions[]
without[other[$peciallequipment.[ThisCapplies[éspecially[tolthe[tase[When[{luidized[]
bedboilers(arelisedasBC.[

O
H

TheldutcomelofhisLiteraturelSurveyldanbeldoncludedlasfollows:[

O

ThelHybrid[Combined[Cycle[¢onceptlisiechnicallyl@and&économicallylViable.It(has]
beenlargelyltlemonstratedlin[Various[tonfigurations,mostly[Wwith[haturallgas[&asl]
toppingfuelfandlCtoalas[bottomingfuel.[Part-load[characteristics[of(suchChybrid
power[plantsiareSuperiorlibfhoseldflSeparateunits.
Improvementslinlefficiencylduedolintegration[offhe[T ClandBClare[éasilyVisible,[
butlstronglyldependlonispecificl¢yclelconfiguration@nd[parametersandl¢annotbel]
generalized.(OTheOpresentresearchprojectCwillOmake CanCattempt[toCputCmoreld
structurelihtolthisiopic.O

Hybrid[CtonceptWwilllbeltechnically,LeconomicallyCandCenvironmentally[favourablel]
whentilizingbiofuelslihfhedottomingldycle.[]

Therelareldifferenttivaysolarrangelalhybridltombinedltycle.[EEachl@rrangement(ll
must[bel¢arefullylévaluatedlinihe[givenlapplication,With[@he[divendoppingLeyclel]
and[bottomingLetycle[parametersfAndWith[thelgivenFuels,lin[ordertolassessLits[]
performanceland(attractiveness.

Both[gasturbinesandlinternallltombustionCenginesas[toppingltyclestanbel]
combinedWwith[biomasslorfMSW iredboilersfas[bottomingltycles[@ndihehybrid[]
configuration[dan[provide[promisingperformance,@s(Stated[above.]

InternalCdcombustionCenginesOmayshowlowerOinvestmentcosts[JandObetter]
performancelinSmall-scale[HCCIldonfigurations.[]

Only@dewbiomasslorMSW hybrid[¢combined[¢ycleUinits[areléxistinglintheivorld
today,[despitedheirlargepotential. (AImostlalllbf[fhemlare [of(fhefepoweredliype,]
wherel@nl[old$team[tycle[{orlalhotlvater[boiler)hasbeenioppedbylalhewlfas]
turbine[{orbyAnlinternallécombustionéngine).[Thelpresentedl¢onfigurationsthave
beenlchosenlasthelmostlfewardinglonesloutloflVariouslalternatives.Theylhavel
proved[theirCadvantagesCinCcommerciallbperationCandsupporttheonclusions]
made[@bove. ]
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8..SAMMANFATTNINGO
W
ICBverigeinns[fedanenlstadigliendensdorlokad[anvandninglavibiobransle.[Detl&r]
tydligt[attinyalstoralivatten-lachlkRarnkraftverklihte [kommer[attlbyggas,Vilketlihnebar(att[]
okadlenergiatervinningCaviskogsresurser, [BvrigalbiobranslenCbchavfalllmedChogred
verkningsgraderlochlagrekostnader@r@bsolutimddvandigt.[]
l
InhemskalbiobransleresurserlCidSverige JarCJomfattande Ooch[(fornyelsebar, CmenCinte[]
andlos.Denastelanvandaslomsorgsfulltiochinedhogre leffektivitet@orattehallasin
betydelselidramtidensCénergisystem.[Minskad[CO,[&émissioner[@r@&nnuléndaktordorC]
betydelsenfavibiobranslelilframtiden.
W
MangalenergiomvandlingsteknologierfinnsférCObiobransle, JantingenCgenomOdirekt]
forbranninglipannorielleriviaforadlingilllbrannbaralgaseréllerivatskororgasturbiner
ellerlkolvmotorer.INagralavidessalavanceradelieknologier@rlkommersiellaldochiedol
foranvandning,medanlandrafortfarandefestaslochlinte[@rSannolikal@Annu. I
l
For[ stationarl kraftproduktion, specielltd iC] kraftvarmeverk, ] ar] denl traditionellal]
forbranningenlilipannordenlenklastel@chimest{illforlitigastemhetoden. 1T
[
EnlénkelvagilllthogrelelverkningsgraderavibiobransleeldadekraftvArmecykler[&rattl
kombineralpannanimedlénlhogtemperaturlkraftcykel{t.ex.[gasturbin&llerlkolvmotor)]
eldadCimedfossiltCbransle.FleralolikalkombinationerCavigasturbinfmedCAngpannalér(]
mojligalbchattraktiva.[DentraditionellalCAngcykel [{somenllagtemperaturcykel) kan]
utnyttjalavgasvarmetdran[gasturbinen{hogtemperaturcykeln), Wilketinnebarattvarje
hybridcykel@r@énkombicykelmedivaolikabransleinsatser.hgalSpeciellalitrustningar
kravs,[éndastlénklalkomponenterlinstallerasldchlkostnadernalblirfilalimanhetlmindre]
jamfortOmedOtvalseparatalanlaggningardavOsammalstorlekJ(enCbiobransleeldad
angcykellbchenkeparatLkombicykelCmedLgasturbin).[DessutomAr[denkelektriskal]
verkningsgradenChdgredanOdenOgenomsnittligaCiverkningsgradenCiforCtvaCseparatal]
anlaggningarsom(gerSammalibtalalélproduktion, Nilketlinnebar@ttransleutnyttjandet]
avibadabranslena@rhogre.
il
FortharvarandelhallerlintressetdorthybridcyklerCpalattivaxalsigistarktivarlden,bade
foristorskaligalkoleldadeRraftverkldch(Smaskaligabiobransleeldadekraftvarmeverk.
O
il
Resultatenfran(itteraturstudienkanSammanfattas(@nligtihedan:
il
» Hybridcykelkonceptet[] ar[] tekniskt[] ochl] ekonomiskt[] genomférbart.[] Detl] har[d
demonstreratsCiCallalOstorlekarCOmedOkol, Oskogsavfall, Chushallsavfall, OtorvCeller™
trapelletsCsomCbransleillCpbannorna.CDenlklektriskalverkningsgradenforbattras]
efterlintegreringimedlénhogtemperaturcykell{gasturbinl&llerlkolvmotor),[Evenldom[]
forbattringenlarberoendelavispecifikalparametrarloch@ktuellKonfiguration.[]

HybridcykelkonceptetforCbiobransleUarférdelaktigtUurCteknisk, CekonomiskCochd
miljomassighanseende.]

OlikalkonfigurationerCavChogtemperaturcyklerlintegreradeCmed[fastbransleeldadel
pannorCChybridcykelCkan[konstrueras.[Warje[konfigurationCmastevarderasCinom(

128



Hybridcyklerihed[gasturbiner/kolvmotorerdochibiobransle-[eller[avfallseldadepannor. Mitteraturstudie. MMiroslavPetrov,[Feb[20020

KapitelB:Sammanfattning”0]

oo™

dess] anvandningsomrade,l med bestamdall parametrar,d branslel] och[
bransleproportion.] Deld termodynamiskall ochJ ekonomiskall formanernall mastel]
varderasjamfortihed[Separataldykleritid[Sammalbranslelochbransleproportion.]

Kolvmotorerl@rlbcksalampligadorthybridcykler.[DelkanVararbilligare[bchlharlenl]
hogrelelverkningsgrad,$pecielltiismaskaligalhybridcykler. Kolvmotorerharthégre
NOx[&émissioner@niodernalgasturbiner,linenlilseriekoppladhybridcykellminskar[]
NOx[efter[@attifokgasernalillforts(pannan. Il

Flerallbiobransle-UellerDavfallseldadeOkraftvarmeverkJmedJhybridcykelOfinns i)
Norden.OlOnastanOallaCfalllharOhybridkonfigurationernalvaltsCOsomUOdetbaste
alternativetCJochOenOnyOgasturbinCharOtillsatts CtillOdenCOgamlafdangcykelnOellerd
hetvattenpannan.TrotsCattldetthumeralitNordenl&rlomojligtlatttgenereralellmedd
gasturbinbransleCannanCAnChaturgas,Charteexisterandelhybridcyklernalbevisat[]
dessformanerilkommersielldrifttinderiangalar.0
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Table : Characteristics of the reference fucls - major elements and ash (from [4.4])

TFuel group [A A + C : n z (o) : N S S 3 a t
M fkgsn) (% ds) (% ds) (% 9ds)) (% ds)) (% ds) (% ds.)
1. Wood - 205 05 519 12 6.0 03 418 14 0.12 0.08 0.009 0.003 0.01s ~ 0008
2. Debris 20.6 05 S16 0.5 60 0.2 390 0.1 0.48 0.16 0.036 0017 - -
3. Bark 204 0.2 525 02 3.7 - 393 - 0.40 0.14 0.032 0.009 0.02 -
4. Needies - - . - - - - - 10 0.2 0.077 0012 - -
5. Salix 197 0.1 484 1.6 59 0.3 4.2 24 053 0.10 0.057 0.023 0.008 0.003
6. Timothy 18.6 - 464 - 63 - 40.0 - 1.2 - 0.16 0.06 0.03 -
. 7. lucerne 18.9 - 46.7 - 59 - 5.6 - 3l - 0.25 0.16 0.6 04
8. Rape 18.2 05 462 . 09 5.7 0.2 388 0.7 0.76 012 0.17 0.04 0.22 0.06
9. Barley 18.6 0.6 458 0.7 57 04 419 18 052 0.19 0.12 0.04 04 04
10. Wheat 189 0.6 462 0.7 58 0.3 413 21 059 0.20 0.08 0.03 0.15 0.10
1. RCsummer 183 05 45.0 13 5.7 0.3 46.2 5.0 11 0.50 0.19 0.07 0.74 021
12 RC-spring 179 0.6 4.0 0.9 58 0.1 315 4.6 0.79 0.56 0.15 0.04 0.11 0.09
13. Peat Ref 21 - 545 - 56 - 32 - 14 - 0.4 0‘09: 0.1
14, Peat-average  22.7 1.6 58.8 29 6.1 04 326 8 20 1.0 0.26 023 0.09 01
15. MSW 172 - Q24 - 6.1 . s - 22 - 04 - 0.73 (059 -
16. Coal { 282 - 742 - 48 - 114 - 13 0.35 - 0.012 -
17, Coal 2 219 18 n1 15 4.7 0.6 8.3 14 13 04 0.64 0.22 0.06 0.04
1) from ref. 40
2) average in Swedish MSW
Table:  Characteristics of the reference fuels - ash forming elements (from [4.4])
Fucl gr. Si * Al E3 Fe + Mg * Ca * K 3 Na * P 3
(%) (%) (%) (%) (%) (%) (%) %
LW 00028 00018 00019 00016 00026 00013 0016 0.009 0.065 0.027 0.040 - 0025 0.018 0.03 0.0075  0.0070
24 050 0.13 0.11 0.03 0.047 0.047 0.051 0.012 0.42 0.14 0.16 0.07 0.021 0.003 0.043 0.017
3B 014 0.17 0.033 0.027 0.019 0.015 0.062 0.026 0.60 033 0.17 6.11 0.036 0.037 0.041 0.024
4N - - - - 0.0056 00011 0078 0010 0.30 020 051 0.06 - - 0.15 0.03
5. s 0.038 0.009 0.0055 - 0.0067 - 0056 0012 0.37 0.15 031 0.07 0.011 0.009 0.076 0.010
6.t 14 0.06 0.032 0.022 0.04 0.004 0.13 0.04 058 025 22 08 0.056 0.034 031 0.13
71 0.15 - 0.019 - 0.022 0.005 0.18 0.03 L6 0.2 25 0.6 0.092 0.047 0.29 0.01
8 r 21 22 0.22 020 0.16 0.16 0.10 0.03 13 02 10 0.3 0.14 0.06 0.085 0.017
9. b 12 04 0.037 0.033 0.026 0.023 0.10 0.03 0.40 0.09 11 05 0.20 0.17 0.092 0.032
10. w 18 09 0.023 0.022 0.026 0.027 0.11 0.02 0.40 0.12 0.94 0.25 0.042 0.052 0.07s 0.020
1L.el 16 0.7 0.019 0.014 0.016 0010 0.13 0.04 0.38 0.12 11 0.5 0.091 0.035 0.18 0.04
1.2 46 2.1 0.11 0.17 0.06 0.09 0.08 0.02 0.20 o1 0.34 0.09 0.068 0.037 0.10 0.05
13. Purel) 052 04 0.28 (15 0.63 0.3 0.086 0.086 089 047 0.020 0.018 0.014 0017 0.4 0.02
14, P'av. 055 13 ou 0.26 0.67 0.55 0.064 0.025 038 0.19 0.025 0.015 00092 00053  0.068 0.041
15. MSW 0.28 - 021 . 4.0 - 0.12 - 457 - 017 - 0.21 - 20
16. C1 34 - 0.88 - 0.22 - 0.052 - 0.27 - 0.058 - 0.087 . 0.0t5 -
17.C2 48 12 20 0.7 047 03 0.13 0.13 0.38 044 0.15 0.07 on 0.12 0.02 0.01
1) Given as oxides (% of ash), rccalculated using the average ash content
Table: Trace eleménts (ppmy,) (from [4.4])
Trace  Wood" Salix Wheat Rape Barley Peat MW Coal*
clement
Cu 1.8 (05-6) 3824 46213 62£15 29+18 1012 1.5 (100-1500) 13 (7-50)
Zn 22 (4-40) 6k: 19 110£40 110£40 120£60 10216 1200 (600-1600) 27 (4-180)
Pb 3.6 (05-13) 15206 8620 45217 58436 2550 1200 (50-1600) 13 (2-70)
cd 02 (0.1-04) 13207 0.02£0.01 0.05%0.07 0022002 0.2£02 35 (2:55) 0.3 (0.03-0.8)
Hg 0.02 (0.01-0.02) ? 0.01 0.01£0.006 0.01 0.05+0.1 15 (0.5-5) 0.1 (0.02-1.6)
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Table :
Compositions, heating values, and alkali index for selected fuels (from [2.29])

Alfalfa stems Wheat straw Rice hulls Rice straw  Switch- Sugar cane Willow Hybrid poplar
grass bagasse wood

Proximate analysis (% dry fuel)

Fixed carbon 15.81 17.71 16.22 15.86 14.34 11.95 16.07 12.49
Volatile matter 78.92 75.27 63.52 65.47 76.69 85.61 82.22 84.81
Ash 5.27 7.02 20.26 18.67 8.97 2.44 1.71 2.70
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Ultimate analysis (% dry fuel)

Carbon 47.17 44.92 38.83 38.24 46.68 48.64 49.90 50.18
Hydrogen 599 5.46 4,75 5.20 5.82 5.87 5.90 6.06
Oxygen (diff.) 38.19 41.77 35.47 36.26 37.38 42.82 41.80 40.43
Nitrogen 2.68 0.44 0.52 0.87 0.77 0.16 0.61 0.60
Sulfur 0.20 0.16 0.05 0.18 0.19 0.04 0.07 0.02
Chlorine 0.50 0.23 0.12 0.58 0.19 0.03 <0.01 0.01
Ash 5.27 7.02 20.26 18.67 8.97 2.44 1.71 2,70
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Elemental composition of ash (%)

SiO, 5.79 55.32 91.42 74.67 65.18 46.61 2.35 5.90
Al,O;, 0.07 1.88 0.78 1.04 4.51 17.69 1.41 0.84
TiO, 0.02 0.08 0.02 0.09 0.24 2.63 0.05 0.30
Fe, O, 0.30 0.73 0.14 0.85 2.03 14.14 073 1.40
CaO 18.32 6.14 3.21 3.01 5.60 4.47 41.20 49.92
MgO 10.38 1.06 <0.01 1.75 3.00 3.33 247 18.40
Na,O 1.10 1.71 0.21 0.96 0.58 0.79 0.94 0.13
K,O 28.10 25.60 3.71 12.30 11.60 0.15 15.00 9.64
SO, 1.93 4.40 0.72 1.24 0.44 2.08 1.83 2.04
P,0; 7.64 1.26 0.43 1.41 4.50 2.72 7.40 1.34
CO, /other 14.80 18.24 8.18
Total 100.00 100.00 100.64 100.00 100.00 100.00 100.00 100.00

Undetermined 11.55 1.82 —{.64 2.68 2.32 1.39 8.38 1.91
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Higher heating value (constant volume)

MJ /kg 18.67 17.94 15.84 15.09 18.06 18.99 19.59 19.02
Btu/Ib 8025 7714 6811 6486 7766 8166 8424 8178
Alkali index (as oxide)

(kg alkali /GJ) 0.82 1.07 0.50 1.64 0.60 0.06 0.14 0.14
(Ib alkali /MM Btu) 1.92 2.49 1.17 3.82 1.41 0.15 0.32 0.32

Almond shells ~ Almond hulls  Pist. shells  Olive pitts ~ Demol. wood  Yard waste Fir mill Mixed paper RDF

Proximate analysis (% dry fuel)

Fixed carbon 20.71 20.07 16.95 16.28 12.32 13.59 17.48 7.42 0.47
Volatile matter 76.00 73.80 81.64 82.00 74.56 66.04 82.11 84.25 73.40
Ash 3.29 6.13 1.41 1.72 13.12 20.37 0.41 8.33 26.13
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Ultimate analysis (% dry fuel)

Carbon 49.30 47.53 50.20 52.80 46.30 41.54 51.23 47.99 39.70
Hydrogen 597 5.97 6.32 6.69 539 4.79 5.98 6.63 5.78
Oxygen (diff.) 40.63 39.16 41.15 38.25 34.45 31.91 42.10 36.84 27.24
Nitrogen 0.76 1.13 0.69 0.45 0.57 0.85 0.06 0.14 0.80
Sulfur 0.04 0.06 0.22 0.05 0.12 0.24 0.03 0.07 0.35
Chlorine <0.01 0.02 <0.01 0.04 0.05 0.30 0.19

Ash 3.29 6.13 1.41 1.72 13.12 20.37 0.41 8.33 26.13
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Elemental composition of ash (%)

Si0O, 8.71 9.28 8.22 30.82 4591 59.65 15.17 28.10 33.81
Al,04 272 2.09 2.17 8.84 15.55 3.06 3.96 52.56 12.71
TiO, 0.09 0.05 0.20 0.34 2.09 0.32 0.27 4.29 1.66
Fe,0, 2.30 0.76 35.37 6.58 12.02 1.97 6.58 0.81 5.47
CaO 10.50 8.07 10.01 14.66 13.51 23.75 11.90 7.49 23.44
MgO 3.19 3.31 3.26 4.24 2.55 2.15 4.59 2.36 5.64

Na,O 1.60 0.87 450 27.80 1.13 1.00 23.50 0.53 1.19
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Almond shells  Almond hulls Pist. shells  Olive pitts  Demol. wood Yard waste Fir mill Mixed paper RDF
K,O 48.70 52.90 18.20 4.40 2.14 2.96 7.00 0.16 0.20
SO; 0.88 0.34 3.79 0.56 2.45 2.44 2.93 1.70 2.63
P,04 4.46 5.10 11.80 2.46 0.94 1.97 2.87 0.20 0.67
CO, /other 17.38 20.12 18.92
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Undetermined -{.53 -2.89 2.48 -0.70 1.71 0.73 2.31 1.80 12.58
Higher heating value {constant volume)
MJ /kg 19.49 18.89 18.22 21.59 18.41 16.30 20.42 20.78 15.54
Btu/Ib 8378 8119 7831 9282 7916 7009 8779 8934 6679
Alkali index (as oxide)
(kg alkali /GI) 0.85 1.75 0.18 0.26 0.23 0.49 0.06 0.03 0.23
(b alkali /MMBu) 1.98 4.06 0.41 0.60 0.54 1.15 0.14 0.06 0.54
Biomass power plant fuel blends Coal (Ivb)*  Lignite
Urban/ Urban/ Urban/ Wood/ Wood/ Wood/
(1) Ag wood (2) Ag wood wood pit Al hull Wheat straw
Proximate analysis (% dry fuel)
Fixed carbon 19.79 16.93 15.23 18.10 15.94 16.67 77.00 43.44
Volatile matter 75.89 80.57 79.23 76.77 77.28 75.14 18.49 4295
Ash 4.32 2.50 5.54 5.13 6.78 8.19 4.51 13.69
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.08
Ultimate analysis (% dry fuel)
Carbon 51.44 49.69 48.77 48.62 47.45 47.48 87.52 60.97
Hydrogen 5.67 5.87 5.76 5.78 5.53 . 5.81 4.26 4,07
Oxygen (diff.) 38.12 41.52 39.53 39.73 39.54 37.92 1.55 18.50
Nitrogen 041 0.33 0.27 0.65 0.59 0.35 1.25 1.02
Sulfur 0.03 0.04 0.07 0.06 0.08 0.12 0.75 1.81
Chlorine 0.01 0.05 - 0.06 0.03 0.03 0.13 0.16 0.04
Ash 4.32 2.50 5.54 5.13 6.78 8.19 4.51 13.69
Total : 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.10
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Elemental composition of ash (%)

Si0, 39.96 28.81
Al, O, 12.03 8.47
TiO, 0.87 0.83
Fe,0, 7.43 3.28
CaO 19.23 27.99
MgO 4.30 4.49
Na,O 1.53 3.18
K,0 5.36 8.86
SO, 1.74 2.00
P,0¢ 1.50 2.57
CO, /other 6.05 6.07
Total 100.00 100.00
Undetermined 0.00 3.45
Higher heating value (constant volume)

MJ /kg 20.50 19.49
Btu/Ib 8815 8379
Alkali index (as oxide)

(kg alkali /GJ) 0.15 0.15
(Ib alkali/MM Btu) 0.34 0.36

55.12
12.49
0.72
451
13.53
2.93
3.19
4.78
1.92
0.88

100.07
-0.07

19.45
8361

0.23
0.53

52.55
13.15
043
8.18
10.06
3.27
5.90
5.04
2.10
1.90

100.00
—2.58

19.66
8450

0.29
0.66

45.60
10.75
0.54
4.06
18.96
4.22
3.08
6.26
2.06
1.47

160.00
3.00

15.89
6829

0.40
0.93

55.50
9.37
0.50
4.77

11.04
2.55
2.98
6.40
1.80
1.04

100.00
4.05

18.80
8083

0.41
0.95

37.24
23.73
1.12
16.83
7.53
2.36
0.81
1.81
6.67
0.10

98.20
1.80

35.01
15052

0.03
0.08

20.93
13.78
0.41
12.08
16.13
4.40
6.41
0.22
24.27
0.00

98.63
1.37

23.35
10040

0.39
0.90

*Low volatile bituminous.
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Thelfigure[shows[the[€hangel[of(LHVHor[certaintypesloffivoodFuels{inCkJ/kg)WithL[fising]
moistureldontent((horizontallaxis[gives[percentagelofldryihass(inotalimass).[(from[4.4])0
Legend:[

1.[Pinelvood,2.[Pinelbark,[3.[Fir/spruceood,4.[Fir/sprucelbark,®.Birchiood,[®.[Outerwhitebirchl
bark,[7.0nnerirchDark, 3. Birchbarkfotal,[d.[Forestfesidues/woodchips[general,[10.[Fir[&[pinedwigs,

11.[PinelbtalliwoodFbark),[12.[Fir/sprucebtal(woodFMbark),[13.Birchibtal (woodFDark).O
O

[l
[l
Varmevarden £6r torrsubstans (LHVHor@ryfuel)d
25000 ( Y :
H H (o4 H O+N Aska
\\ - kS/xg  x3/xkg % v r
R 1 Tall ved 20 640 19 260 50,5 6,2 42,9 0,4
2 bark 21 270 19 990 S4,4 5,9 38,0 1,7
\ B \{ 3 Gran ved 20 350 18 965-50,3 6,2 43,1 0,4
4 . bark 19 930 18 630 S0,6 5,9 40,7 2,8
S Bjork ved 20 350 19 010 49,6 6,1 43,9 0,4
< 6 naver 31 130 29 310 65,9 8,4 24,9 0,8
N 7 innerbark - 20 765 19 450 52,0 6,0 40,0 2,0
\ N 8 total bark 24 240 22 73% 56,6 6,8 35,0 1,6
m \ 9 Skogsbransle 21 270 19 990 52,5 5,9 41,0 0,6
20000 \ 10 Gran/tallris 19 110
o N [20) \ 11 Tall, ved inkl. bark = 10 % bark
— \\\( 12 Gran, ved inkl. bark * 10 % bark
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Basicldonsiderationsforidefining[ElectricEfficiencyldofléombinedidycles:[]

O
ItCmay[belusefulltoloutlinelinCalsimpleformtheldefinitions[forlelectricLéfficiencylofl]
combinedtycles,[deriving[also[formulations[forChybrid[dual-fuelltombinedkycles.[]
Somelgeneralizedldonsiderations[@arelpresentedbelow.[]

O
Thelefficiencylofl¢onversionloffuell&énergylintolélectricbowerbyl@nylinethod¢anel]
expressedas@atioloffhelisefull@énergyloutputliodhe Mawlénergylinput.[ThislisAlso]
theldasewith[fhermodynamicldycles.[Thus,@lectricléfficiencylis[defined@s:

O

I:>I
g =t 1)
,7 | quel
l
where e lisdhelsymbol{orlélectriclefficiencylof(theoverallltycle, [Pe lsthe @mountof[]
fuellénergyldonvertedliblelectricallénergyuseful(product)@ndQe i5[Tthelénergylihput]
inCtheCeyclelinCthe OformCofCfuel. Qe OinvolvesOinCitselfCthe OenergyOreleased Cby O
combustionlof(thefuel[{whichls[ihelmajorlcomponentfandltanbeléxpressedlas[ihel]
productloffueliassflowlms,e dimeslitsILHVorHHV), plusfanysensibleheatfhatihe
fuellmaylearrywithlitlinto[fhe[combustion[chamber,pluspossiblekineticlor[potential ]
energyloflthefuelflow.Theliseloffhel&lectricipowerP [(beingdhelSolelfinallproduct)]
in(theChumerator[of(the[equation[suggestsithatfurtherldefinitionlisCheeded1olstate[]
whether[alllpossible[&nergyflosses’[andlinternalCtonsumptiondrom/intheltyclelarel]
takenlintoCaccount,C0implying[the[usagel[bf(the[tonceptlbf(Fnet’CbrI'gross”[klectricl]
efficiency.0nlorderto[generalize[theldiscussion,therelisChoCheed[toltonsider[this
distinction(here,neitherioStatefheldifferencebetweenlHVAndHHV. I
0
Infihel$peciall¢aseloflalpurelstraightforward(combinedl¢ycle[{“‘unfired"[CC),[therelarel]
twolpoints[bfCpowerproductionCwithin[thelktycle[{thetopping[ycle[Prce Candthell
bottominglLtycle[Pgcel, LWhich[adddol[each-other),[While[the[&nergylinputlintheltycle]
occurs@tlonelpointlonly3fheldombustion[échamberloffhelgasfurbineforléxamplel{thed
toppingleycle).[Theldefinition[oflelectricléfficiencydoriheloveralllcombinedltycle[Will (]
thereforelbe:[]
l

— I:>TCeI + I:)BCeI
qoo = e T Tcel )
,7 e QTCfueI

l
Thisldefinition[canbe[éxtendeddolincorporateihelspecificlénergyJlosses”[¢onnected]
withl@ransferloflénergyfromlihefopping{TC)Holthebottoming[{BC)ltycle,[mamelythe[]
fact@hat[hotlall[fejected(&nergydromiheT Clcanbeltilized@ndl¢onvertedfolelectricll
powerlby[the[BC.[Thelefficiencylequationlisl&xpressedisually[Withthelhelplofithel
efficiencies[forthelSeparate[TClandBC@As[ibllows:[

il

_ Trce Qreter t Mcer/Thrss (1 e )QTCfueI (3)
7 elcC —
QTCfueI

il
wherelhgcellis[thelefficiencyloflenergylconversionlinthe[bottomingLtyclelitselfCand[]
Nursclisfheléfficiency@f(ieatiransferfromihe T ClibiheBC.[
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W

Inlthelspeciallcaselof[Supplementaryfiringbetweenlihe[T ClandtheBC,fheléfficiencyl]
definitionCmust[befurtherl&xtendedolincorporateihefactihat[&énergylinputlinto[ihel]
combinedleyclehowldccurslatliwoldifferent(points.[Thisl¢anbeléasily@ccomplished
byCaddingthisChewlsourcebf(energylinputlinto[the[denominator[bf(theequation,]
togetherwith{addinglitibihel@énergySupplyforiheBClinihedumerator:[]

O

n _ e Qrenuer + Tace/Thrse {(1 ~ITrcat JQrcone * Quce } (4)
Flees QTCfueI + QBCfueI

il
where[QrcrelANd[QscrueilaretheseparatefuelenergylinputsCin[theRoppingCand]
bottominglaycle,fespectively.

0
Itis[oftenhelpfulfoldefine[aliatiolofltheiwolénergylihputs,hamelythe{fuellénergyforl]
supplementaryfiring[fadditionalfuellihputihBC)fohefuell@nergylinputlinfheTC,@s: 0
l

— QBCfueI (5)

¢ QTCfueI
[
Using[this[ratio[to[simplify[theCappearancelofthel&fficiencylequationforfcombined[]
cycleswithSupplementary(firing,Wefeachfhe{ollowingresult: (]

H

I7eICCSF = I7TCeI + ”BCeI”I—iRiG;(l _,7TCeI ) + é (6)

Il
Infihel¢aselof(hybrid[dual-fuellcombinedl¢ycles,the[same&fficiencyléquation[@shat[]
forOsupplementary-firedUOcyclesUisOvalid, asClongUasOmostUhybridCcyclesUOcanUObe
consideredlas[combined[tyclesWith[$Supplementaryiringlofldifferentduellin@heBC.O
ThelratioClg [offuellénergylhputlintheBClothatlhthe[T Clieadily@ppliesioridifferent]
typesoffuels[too,whichCisCexactly(thelOcase OwithChybridCcombinedCeycles.[OThe
efficiencyloflheatlransferlin[the (HRSGnrsgdromEq.(6) ustbe[SubstitutedWith[A[]
coefficientgivinglthe[@amountloflénergywhichlis[actuallyfransferredfrom(the[T Clibthe]
BC,[denotedforléxamplewith(Fu”.[TheDoilerlefficiencylofltheottomingdycle{burningd
solidiuels)Mpoileray@lso@ppearlinihel@quation. Il

l
Algeneralized[efficiencyleéquationdorlhybrid[dual-fuelltombinedltycles[tanlihereforel]
belpresented(@s:[]

0

_ Thrcet + sl {(1 ~rcel ):u * Mooiter ¢} @)
1+¢@

”eIHCC

0

Thisléquationlisvalidbasicallyforallhybridi[combined(dycles,@éxceptforisomelspecialll
typesloflparallel-poweredltyclesiwith[Werydowevellof(Thybridization”, [asHor[éxample ]
separate[(GTWithtHRSG[and[solid[fuellboiler(feedinglsteamtolaltommonlsteam]
turbine{in[suchltycles[therCLand[BClarel[hot[distinguishedand[therelis[holfeall]
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transferfof(énergydrom[A[T Cio[A[BC).[Thelvariationslin[tycle[tonfiguration[¢anlbel]
incorporatedlihfhevalue0f(ju"[andtheMatiofg’. (]

O
IfCwvelelaborate[furtherConthel&fficiencyltonceptsiihatlarelapplicable[specificallytol]
hybridCdual-fuelClcombinedCcycles,OwellcanOtrytoOdefineOtheDelectricCefficiency
attributable[to[thebottominglCortoppingfuelConly.[This[followsfrom[the[aAttempttol
comparelihelperformanceloflalHCClioihelperformanceoffalSumoffiwolSeparateinits]
—[obnelpureltombinedltycle[andlbnelsolidFueliredSimplesteamleycle3-{iring[theld
samelamountloffuels.[AIHCCOnaylpossiblyteachlhigherl&lectriclefficiencyihanihe
averagelefficiencylof[Separate[pureldombinedldyclelandSolidfuelSteam[dycleWithfhed
samelsumof(total)fuell@nergylihput.[Accordingly,iheseléfficiencies[danbeldompared]
inheformoflequations(as(follows:

O

I7TCeI QTCfueI + ”BCeI {(l - I7TCeI )IUQTCfueI + ”boilerQBCfuel } <=> ”CCeI QTCfueI + ”BCeI QBCfueI (8)

QTCfueI + QBCfueI QTCfueI + QBCfueI

O
whereMccellisthelelectriclefficiencylof@lpure[¢ombinedldycle(firedwithfhesamefuel
energylihput@slihefoppingldyclelinlthe(HCClarrangementl{withfhe[Samelheatlénginell
andSame[basic[parameters).[Il]

FurtherCworkOonEq.0(8)UcanUleadCtothe UderivationCofCtheCefficiencyUofCenergy U
conversionlattributableConly[tolthe[bottoming[fuellnCalhybridCcombinedltycle.[The
followingformbasbeenSuggested:[]

[

Piccer ~Mece Qrerel 9)
QBCfueI

,7 BCel =

[
whichfollows[directlyfromEq.[(8),[Where[theChumeratorLof[the[eftCéquationlisthe]
electriclpoweroutputlofthefybridldombined(dyclePyccer. 1N

D

Eq.[{9)provides[alWwaytoltalculate (howlimuch[of(the powerloutputlis[basedbn[thel]
bottominguel,(by$ubtractingirom(thefotal(HCCOpowerloutput[thelpossible[&nergy]
conversionlof[the@oppinguellinCalthigh-efficiencypure[combined[tycle.[f(ihefesult(]
fromEq.[(9)UforOallgivenJHCCconfigurationisChigher[thanthe CefficiencyUof[(the
bottomingldycleworking[Separately, fhenfhistHCCIdonfigurationleadsiblimprovement]
in[énergyutilization[offtheMottomingfuellitself.[Furthermore, fhisiwould@lsoprove [fhat[]
thelgiven[HCCLtonfiguration[provideslhigherl&fficiency,[tcomparediolthelaverage[of(]
separateldycles[(onelSimpleldyclefiredwithfheDottomingfuellanddnepureldombined]
cyclelfiredwithfhelfopping[iuel).O]

O
Furthermore,fhelpossibility[fofrepower”0ld[Steam[plantsbyladding@foppingldyclefol]
thelsteamlbne,[tallsHoraldefinition[of(theLefficiencyattributable Ro[theioppingfuelll
only.[Thisl¢an[&lsolbeléxpressedlas(ihel&fficiencylof(additionalpbowerlproductionby]
theoppinguel,lWhich[tomprisesihelinstalled[powerlof(ihefoppinglénginelandihel]
increaselof(powerloutputromiheldottomingle¢yclelduefoliransferloflénergyfromihel]
TClioltheBC.[Various[authorsldefinefhis[efficiency@sfadditional(powerlefficiency”[or[]
“marginalléfficiency”lorMincrementallefficiency”.[Thisl¢anbepresentedlin[aformof[al]
generalized[eéquation@sibllows:[]
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AP P +APg

,7incremena = - (10)
! AQ fuel QTC * AQBC

0

Thelihcrementalléfficiencyminc [isdheleéfficiencyloflénergylconversionloftheladditional
fuell{thefoppingduelplus@nyl¢changelinthe bottomingfuelflow)dol&lectric[power by
the[T Clitself, [plus[ithelincrementlofipoweroriheBC.[

0

l

TotallEnergylEfficiency: [

l
Thel¢onceptloffotal&fficiencyldflénergyl¢onversionbyl@afhermodynamicle¢ycledakes
into[@accountihelfactihat(dertainhieatloutputlinftheformofihotivaterloriSteam[dan(alsol]
beldonsideredlasusefulldutputlénergylorfproduct”,fogetheriwithfheleélectricallpower.[]
Thel¢alculationloflfotalléfficiencylis(similarfoihatHorl&lectricléfficiency.f(ihe [useful ]
heat@utputlis[@ddedlihnfhemMumeratorofEq.[(1)[Andlh[everylotherl@équationihereafter,]
theesultwillibeldonvertedldirectlylintolibtallefficiency.If[thelisefulheat@nergyoutput]
fromCany[thermodynamiclcycledsCinthe (formCof[districtCheating[({DH), (the[basicll
equation(obriibtall@énergylefficiencyldanbelputlasibllows:]

[
— I:>el + QDH
= 11
”TOTAL Q ol ( )
O
Orlihfheform[Specificorhybrid[dombined(dycles:[]
O
_ ,7TCeI QTCfueI + ”BCeI {(1 - ,7TCeI )IUQTCfueI + ”boilerQBCfuel } + QDH
MroraL = (12)
QTCfueI + QBCfueI
O
O
TurningfiofhelSeconddlaw@pproach:]
O

Thel@bovelstatedl@quations(areisefulforldalculationloflefficiencies[ofhybriddual-fuel]
combinedCtycleslin[particularCandofLcombinedtycles[With[5upplementaryfiringLn]
general,[0nCterms[ofCbasicCenergy[Telations.O0ThedefinitionsCbfCincrementalCbower[]
efficiencyland[bottomingfuellltilization[éfficiency[{Eq.[10[and[®)[tanbelApplied[As
comparisonof(variousOcombinedCcyclelconfigurations.[OThecalculationOof(these[
efficiencies[howeverls[dependentlonihelavailability(df(éxactValuesforthelduantities[]
representedlin[itheleéquations.[TheselguantitiesCtannotlbelknown,nlessthelChybrid[]
cyclelis(simulated[andheat-balanced,[orlis[éxistentlandlit’s[performancelisfabulated
bymeasurements. [

IfCanalyticalCapproachforLtomparisonlofldifferentCtombined[tycle[tonfigurationslisl]
sought,[the@bovelpresentedléquationsicannothelpinuch,@sllbonglasiheyarelalfinalll
form[ofleomparison,[bnceltheltycle[performancelisCknown.[ThelpotentialforChigherl]
electriclefficiencylofldneldonfiguration[over@notherlmaybelderivedwithoutSimulating]
thel cycles,J if ] the[d exergyll approachU ist applied, ] using thed second law(] of{]
thermodynamics.[This[tan[again[belgeneralizedAndsimplifiedby[alstraightforwardl]
procedure[basedlbn[thel&alreadylderivedequations.CAslalfirstlviewlbn[secondlawl]
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efficiencieslof(@anyfhermodynamiclcycle,ftheléxergeticléfficiencyloflénergyldonversion[]
from{uellibfinallénergyformsidanibe(stated@s[ibllows:[]

O

_ Exergy in product 13

! Exergy in fuel (13)
O

OrliflweWantfobemoreSpecific:[]
O
{ Jo{1-
”TCeIQTCfueI +’78Cel (1_,7TCeI )/'QTCfuel +,7boilerQBCfueI H1-—— QDH
MNucen = Ton (14)
’ QTCfueI + QBCfueI

O

whichpresentsCalgeneralizedformLbf(secondawlefficiencyforCalhybridCdual-fuell
combined[¢yclelin[¢ogenerationinodel{electricity(@ndldistricttheatingloutputs).[Eq.[140
takenlintolaccountfhefactfhatlaccordingfoltheléxergyltoncept,[&lectricitylis[afinall
high-grade[product,while[anyheat[doutputfrom(theldycleShouldbelfepresentedbylits]
exergylValue[{maximumLeonvertibleCénergylinto[electricity[With[a[teversible[thermo-
dynamiclcycle).[Eq.[14[alsoluisesihelsimplification[of(fepresentingfheléxergyl¢ontent[]
in[fuelsiwiththeirlénergyldontentwith[good@pproximation.]

[
Thelmain[pointloflinterestforlapplyingiheleéxergyltonceptiolcombinedltycleslandfol]
bottomingltycleslin[particular,lsthepossible[&stimation[of(ihelefficiencyWithCwhich
thebottomingleycle@cceptslandlconvertsiintolélectricityfheléxergy,Whichlis[fejected[]
fromOthe(toppinglcycleJandCtransferred CtoOthe CObottomingCone.[lOfCcourse, Cllittle [
knowledgelisCheeded[tolguess(thatlalmorefexergeticallylefficient”[bottomingLtycle]
wouldbelalonelthatutilizesiheltejectedheatdromiheRoppingltyclelatlthelhighestl]
possiblelfemperaturellevel.[Thisl¢canbelévaluatedbydrackinglihelefficiencylof(éxergy
transferCof(any[heat[exchangersiransferringCenergy/exergydfromtheltoppingiolthel]
bottominglaycle,whichlis[ihelsamelasirackinglanyléntropylproduction,lirreversibilities]
andOexergydestruction.OTheOpinpointingCofCplacesCofCtypical JentropyCproducing ]
processesl(heatléxchangelthroughargefemperatureldifferences,mixingoffluidswith[]
differentOdtemperaturesCorOwithOdifferentCdcompositionCandCOpressuredlosses)Ccanld
accomplishf@anylattemptednumericalldalculationloflalgivenléxample.[

O
Anlttemptioldefinelagain[algeneralized@ormulationofleélectricléfficiencyfor@ybrid]
combined[¢yclelaccordingliolthe[Secondlaw,WouldeaddolanléquationVery$imilar[]
tolEq.[4,[7[and8:0

il

_ Mrcel QTCfueI + el {(1 el ),U ! QTCfueI + QBCfueI} (15)
n HCC,Il —
QTCfueI + QBCfueI

il
wherethefeneralizedtoefficientTy'"tontainsCinCtselfCallOrreversibilities{entropy
generation@ndléxergyldestruction)linvolvedlinihedransferlofl(énergy/exergyfromihe]
toppingtothebottomingLtycle.[(Thelexactaluebf¥u'tanCbe Found {numericallyC
represented)lor($implyie-definedbyléquationsforléverylgivenléxactl¢onfiguration [Of[]
an[overallldombined(dyclel@rrangement...[IT]



